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In recent years, the emergence ofMicrosystems Engineering has brought together
various disciplines of science and engineering to construct smaller (mini, micro, nano,
etc.) devices with improved or innovative functionality. Such efforts are causing
Microsystems to become prevalent in society, with examples ranging from
accelerometers that activate automotive airbags, micro-modules used to transmit RF
communication, or even sensors which thwart
terrorism.5
The field ofMicrosystems can
be defined as the systematic integration ofmicro[nano]scale device components for a
specific function. The advancements in this field have routinely taken advantage of the
common techniques associated with microelectronic engineering, employing wet or dry
etching and conventional
lithography.5
The Microsystem functionality is based upon the
internal device components that are in some cases fabricated from
microelectromechanical systems (MEMS) structures. One such example of a MEMS
device component, which was fabricated during a R.I.T. graduate course, is a bimorph
thermal actuator. This type of device, demonstrated in Figure 1 , utilizes two polymer
layers (with different thermal coefficients of expansion) sandwiched between electrical
contacts. The application of an applied bias causes a differential expansion between the
polymers, resulting in a tip deflection.
Figure 1. (a) Schematic of a bimorph thermal actuator with two polymer layers of
differing thermal coefficients of expansion (TCE) and (b) Scanning electron micrograph
(SEM) of a fabricated structure.
The overarching focus ofMicrosystems Engineering is to develop smaller, faster
systems with even more functionality. Such ambitions require a reduction in structural
feature size (which can be attained through advancements in lithography or modification
ofmaterial properties) so that the overall device size decreases. However, this imposes
research challenges to develop new lithography techniques and/or the synthesis of novel
materials with compatible processes that rely on nanoscale properties. Therefore, to
become smaller and smaller, future devices in Mcrosystems will warrant a new
paradigm: fabrication from the nanoscale up.
Such an approach is commonly termed nanotechnology and refers to the
individual manipulation of atoms or small molecules to produce functioning
devices.6
Although realization of this concept is still in its infancy, Microsystems can assuredly
benefit from the physical, electrical, and optical properties that are uniquely inherent to
nanomaterials. These properties result from quantum confinement effects that exist only
when the size of a particle dimension decreases below the exciton Bohr radius (distance
between the electron and hole of an exciton) for the bulk material (see diagram in Figure
2).7
This phenomenon can be explained by conventional quantum mechanics and is
advantageous for a variety of applications which can exploit such properties. Examples
of nanomaterial enhanced properties include size-dependent optical bandgap, ballistic
one-dimensional electrical and thermal conductivity, extremely high surface area for
catalytic support, and unprecedented tensile
strengths.8
Nanomaterials offer the
experimental tunability to engineer new types of devices based upon a fundamental
understanding of the quantum theory that describes them.





















Figure 2. Diagram indicating the size dimensional scales that govern the mechanics and
properties ofmaterials.
B. Quantum Theory ofNanomaterials
The bulk properties of solids are typically described using solid state physics with
the description of the crystal lattice and
electronic states understood using band
theory.9
However as the size of the material decreases towards the atomic level, there are
significant changes in the behavior of the materials with respect to electronic and
physical properties that are more appropriately described using quantum mechanical
principles. In the case of a single atom, the vibrational and electronic energy states can
be calculated for allowed energy levels (ground and excited state positions). This is
derived from the quantized levels that result from solution of the Schrodinger equation,
where the energy and wavefunction (defined as an orbital in relation to an atom) can be
calculated. When two identical atoms bond together, the energy levels must split due to
the Pauli Exclusion Principle which states that no two electrons can have equivalent
quantum numbers {n, I, my ms). As more atoms are brought together to form an extended
structure or crystal lattice, the corresponding energy state splitting continues to occur, in
analogy with Zeeman and/or Stark splitting from application of magnetic fields. The
energy levels begin to transition from discrete states to a small collection of states, or
mini-bands. When the number of atoms remains small (e.g. -100), the properties at this
point are still quantum confined, meaning they can be treated as if there is a quantum
well. This is the case for 0-dimensional semiconducting materials like quantum dots,
where the optical bandgap will be directly related to the size of the crystal, or the width of
the quantum well. This can be calculated using the particle in a box approach (Figure 3)
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Figure 3. The energy {E) of a level with quantum number n for a particle in a box
confined to a length L for a mass m and Planck's constant (/z=6.62618 x
10"34
J s). The
effect of decreasing the width of the well by a factor of two significantly affects the
energy of transitions.
In addition to the energy level of the states being affected by the size of the crystal, the
density of states, or the way electrons occupy the states is also influenced by the
particle's geometry. This occurs when a particular dimension is less than the order of the
electron wavefunction, resulting in certain restrictions on the electronic density of states
for that geometry. As seen in Figure 4, the effects of quantum confinement in different
dimensions will change for a O-dimensional quantum dot, 7-dimensionsal nanowire (e.g.
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Figure 4. Diagram showing the progression of energy level transitions between an atom
of a material through the bulk with the specific changes highlighted for the quantum
confinement effects of the bandgap and density of states associated with nanomaterials.
Particle dimensions greater than the exciton Bohr radius results in the material having a
sufficient order of atoms to begin exhibiting bulk-like character. The exciton Bohr radius






Where fis the dielectric constant of the bulk, e is the charge of an electron (1.60219 x
10'
19
C), me and mh are the effective masses of an electron and hole, respectively, in the bulk.
The discrete energy levels, typical of atomic or molecular species, will ultimately
manifest into the traditional valence and conduction bands of bulk materials. Each of
these effects on the electronic states will alter the manner
in which each material interacts
with incident energy, particularly light. Therefore, the optoelectronic properties of
nanomaterials are influenced and controlled by the size and dimensions of the material
crystals.
The size of a particle also affects the physical properties, particularly its
interaction with the environment. As the particle size decreases, the relative number of
surface atoms increases in comparison to the total number of atoms in the particle. In the
case of nanomaterials, it has been approximated that the ratio of surface atoms to interior
atoms and ratio of surface energy to total energy is on the order of
unity.9
Therefore, the
surface states largely dominate the modes of interaction for these compounds, particularly
influenced by the elemental composition and type(s) of bonding. This is in comparison
to a bulk material where the physical properties are less affected by surface states, but
rather dominated by the long range atomic order of a crystal. Such surface states in
nanomaterials will affect the forces between particles, particularly any van der Waals
attractions (dipole-dipole interactions) which become quite significant on the
nanoscale."
Appropriate modification and engineering ofnanomaterial surfaces will enable controlled
placement and structural organization to capitalize on the unique optoelectronic
properties.
C. Nanomaterials for Optoelectronics
The conventional approaches to photo-detection in the visible-near infrared (NIR)
1 9
regions of the optical spectrum have been with silicon photodiodes. Improvements to
the wavelength selectivity have been made by varying the depth ofmultiple p-n junctions
in the silicon to capitalize on the differing penetration depths for energies of
light.12
However, since silicon has a fixed bandgap (1.12 eV), its range of detection is limited to
above this energy. This has warranted investigation of other materials with a lower
bandgap for improved NIR detection (0.78-0.96 eV), including polycrystalline
germanium and InGaAs. But there are still limitations to the selection of different
compositional materials, including the fixed optical bandgap of the substrate and a
varying extinction coefficient over the absorption range (silicon changes by
105 cm"1
from 1.12 to 3 eV). The discovery of high quality nanoparticles being photoactive in
this spectral region has given way to the possibility of using new materials and
composites for UV-visible-NIR photo-detection. Thus, there has been considerable
interest in nanomaterial research for optoelectronic sensors and photo-detectors during
the last
decade.14"19
These types of materials offer high monochromatic detection
efficiency, spectral response tunability, and high absorption sensitivity.
(i) Quantum Dots
The application of quantum dots (QDs) to photo-transistors and infrared (IR)
detectors has been considered theoretically and demonstrated
experimentally.14"17
Quantum dots are semiconductor particles with a crystal structure reminiscent of the
bulk, but with dimensions on the order of the bulk exciton Bohr radius or
smaller.20
Such
sizes are influenced by the quantum confinement effects associated with all
nanomaterials in which the magnitude of dimensions dictates the optoelectronic
properties. Synthesis of these materials predominantly occurs by organometallic
reactions in solution by colloidal approaches or by vapor deposition techniques like
metallo-organic chemical vapor deposition (MOCVD) and organo-metallic vapor phase
epitaxy
(OMVPE).20
The colloidal synthesis utilizes appropriate precursors (metal
oxides or metal alkyls) stabilized by solvent-surfactant systems which promote controlled
nucleation and growth. The time and temperature typically control the particle size while
the reaction stoichiometry influences the nanocrystal Examples of both
MOCVD and colloidal growth techniques are shown in Figure 5 by an atomic force
micrograph (AFM) for InAs and a transmission electron micrograph (TEM) for CdSe
nanocrystals, respectively.
(b)







Figure 5. (a) AFM image ofMOCVD grown InAs quantum dots on GaAs. (b) TEM
image of CdSe quantum dots prepared using colloidal synthesis techniques. Images are
courtesy ofNanoPower
Research labs.
The optoelectronic properties for QDs are derived from the bulk semiconductor
properties in that the optical band gap shifts to higher energy based on quantum
confinement. An approximation to the QD bandgap {QDES) in relation to the bulk {BulkEg)
20











In equation (2), R is the particle radius and s0 is the permittivity of free space. However,
it is important to note that this equation is a first approximation in that it assumes the
QDs are spherical and that the dielectric constants and effective masses are constant as a
function of size. The quantum confinement effect imposes a shift based on the particle in
a box term (middle) and an electron-hole pair Coulombic attraction term (right). The
dramatic changes in optical bandgap for semiconducting QDs compared to their bulk
analogs is compared in Figure 6 as a function ofparticle size. The size-dependent optical
tuning for QDs is in stark contrast to a fixed bandgap for traditional photo-detector
semiconductors (i.e. Si, GaAs, etc.). These nanomaterials therefore, have tunable
absorption and emission spectra based on the size and geometry of the crystals. In
addition to wavelength selectivity, the extinction coefficient of QDs is reported to be
remarkably high (~10
M"
), enabling an enhanced sensitivity at specific energies of
light.22
10
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Figure 6. Calculated optical bandgaps for quantum dots using Equation (2) as a function
of particle diameter.
Recently, devices consisting of InAs QD arrays grown on GaAs substrates have
been demonstrated as QD infrared photodetectors (QDIP). The layered stacks are
arranged between doped regions which act as the emitter and collector. These devices
operate by generating a photocurrent from QD intraband absorption of IR light (2-8 urn)
and electronic transitions into a wetting layer or the continuum of states. Such devices
are an improvement over the conventional technology since the 5-dimensional quantum
confinement of a dot enables higher sensitivity to normally incident light and better
temperature performance than quantum well structures. Further development on QD
photo-detectors has turned to NJJR and UV-visible detectors for optical
11
telecommunications, color sensing, and lab-on-a-chip
technologies.12' 13'23
Recent results
from the spectral response of CdS and PbS quantum dots in polymer composites has
shown the ability to generate size-dependent photocurrents from nanomaterials upon
visible and NIR
illumination.18' 19
These reports suggest that novel nanomaterials can be
engineered to offer sensing tunability in optoelectronic detectors based on the unique
quantum confinement effects exhibited in these materials. Evaluation of optimal
compositions and ideal ways to construct nanomaterials with various geometrical
dimensions, could potentially address the current limitations associated with bulk
semiconductor devices in optoelectronic applications.
(ii) Carbon Nanotubes
The investigation of carbon nanotubes as another remarkable nanomaterial for
optoelectronic
applications24
has been a recent pursuit. Carbon nanotubes can be
envisioned as a rolled up graphene sheet into a seamless cylinder (single wall
- SWNT),
or multiple sheets as in the case of a multi-walled nanotube (MWNT). The van der




which are an important physical property. The dimensions of high purity
SWNT bundles are on the order of ~ 50 nm in diameter and can be observed in a








Figure 7. (a) Cartoon depicting SWNT bundling, and (b) SEM image of high purity
SWNTs prepared during this Ph.D. dissertation.
The role-up vectors from a point of origin on a graphene sheet will determine the
so-called
"chirality"
of a SWNT (see Figure 8), which determines whether the structure
will be metallic or semiconducting. Each SWNT chirality is designated by (n, m), where
n and m represent unit vector integers for a chiral vector with respect to the zigzag
direction {6= 0) on a graphene
sheet."
The optoelectronic properties of a SWNT will
depend directly on the chiral angle (angle between c\\ and a2 in Figure 8) and diameter of
the nanotube. In some cases, the Tt-orbital overlap between carbon atoms can lead to a
metallic SWNT which acts as a 1-dimenionsal ballistic conductor. Other chiral angles
exhibit the electronic energy transitions similar to a traditional semiconductor with a band
gap
energy.8
The semiconducting SWNTS are also described by specific SWNT families
(where 2n+m = f, the family
number26,
27) and the chiralities can be defined by either a
type I (2n+m, mod 3 = 1) or type II (2n+m, mod 3 = 2) classification. This distinction







Figure 8. Chirality chart for the designation of (n, m) SWNT structures based on the
roll-up vector with respect to a point of origin (0, 0) on the graphene sheet.
Due to the quantum confinement in /-dimension for SWNTs, the characteristic
position of the absorption peaks correspond to abrupt changes in the electronic density of
states, or Van Hove singularities, which are unique to each (n, m) SWNT.






















Density of Electronic States
Figure 9. Energy band diagram for a semiconducting SWNT: displaying the sharp
spikes in the density of states for a 1 -dimensional nanomaterial.
Thus, the optical spectra (absorption and fluorescence) become unique
"signatures"
for
each SWNT, and in the case of semiconducting SWNTs, band gap energies inversely
proportional to diameter are observed typically between 0.5-1.0 eV
28,29
The ith pair of
discrete electronic transition energies corresponding to these singularities is




Where n is an integer, having values of 1, 2, 4, 5, or 7 for semiconducting (S) SWNTs
and n = 3 or 6 for metallic (M) SWNTs in a typical spectral range of
interest,30
ac_c is the
carbon-carbon bond distance with a value of 0.142 nm, and dSwNT is the SWNT
15
diameter.31' 32
The carbon-carbon overlap integral, y for SWNTs, has been reported to
range from 2.45-3.0
eV.33
Each of the interband electronic transitions for SWNTs (over a
typical range of 4 - 18 A) are visualized using a "Kataura
Plot"
which demonstrates the





















of the interband electronic transitions for metallic and
semiconducting SWNT chiralities.
The synthesis of carbon nanotubes can be accomplished by a wide variety of
methods that involve the catalytic decomposition of a carbon containing gas or solid.




In general, the SWNT diameters typically range from
0.4 nm - 2 nm, and recently lengths up to 1.5 cm have been
reported.35
Such dimensions
give rise to aspect ratios (length/diameter) of over ten million, which is extremely
advantageous for establishing low percolation thresholds in polymer or ceramic
16




and thermal = 6600 W/mK for a (10,10) SWNT 37) coupled with their high aspect
ratio has contributed to dramatic enhancement in composite conductivity at low weight
percent doping levels.
'
It is this remarkable conductivity along with the extremely
high specific surface area (up to -1600 m2/g 40) of carbon nanotubes which has generated
so much interest for their use in various power
applications.41
17
II. QD-SWNT COMPLEXES FOR OPTOELECTRONICS
A. Background
It can be envisioned that novel nanomaterials could revolutionize optoelectronic
applications based on the properties of wavelength selectivity, sensitivity, and nanoscale
fabrication. Microsystems devices like smart pixels which require detection of an input
light signal to activate electrical processes could be improved by these properties,
including the possibility for 3-dimensional
arrays.42
Lab-on-a-chip spectrometry will
experience a major breakthrough when the sample solution is probed on-chip rather than
the current techniques of ejection into an external spectrometer. In addition, medical
sensing (blood, glucose, urine, dental matching) applications which rely on strip testing
or human visual acuity, can benefit from a Microsystems color sensor array.
'
Even
automotive sensors which are being developed for backlight regulation, active mirror
control, and sunlight sensors for air conditioning monitoring could improve by
incorporation of nanomaterial
devices.45
This is based on the selectivity of
multiple-
bandgap components which would be less affected by ambient light than a silicon or
germanium structure which is optically active over the entire visible spectrum. However,
before nanomaterials are efficiently used in such devices, there exists the necessity to
understand the optimal synthesis, characterization, and surface engineering required for
integration of compositionally dissimilar materials.
Microsystems sensors can benefit from the unique optoelectronic properties
inherent to semiconducting QDs and SWNTs. The innovation in this Ph.D. Dissertation
will be the chemical coupling of QDs and SWNTs in such a way that material complexes
will enable a photocurrent to be generated from a properly structured device. These
nanomaterials have the size-dependent properties to be tailored to a desired wavelength
of absorption/emission (monochromatic) or be tunable throughout the UV-visible-near
infrared spectrum (multi-wavelength sensor). These features are possible since the
bandgap of both QDs and SWNTs is tunable based on quantum confinement in
3-
dimensions and 2-dimensions, respectively. In the case of a photodiode device, the
photoresponse mechanism relies on optical absorption by the QD or SWNT, efficient
exciton dissociation and charge transfer between nanomaterials, and carrier transport to
appropriate electrodes. In addition to the control of the optical bandgap by a QD's size,
selection of semiconducting materials with different chemical compositions will offer a
range of bulk material bandgaps that can cover the entire UV-Visible-NIR spectrum. It is
the focus of this Ph.D. Dissertation to demonstrate ways and methodologies to fabricate
and probe the interactions of QD-SWNT complexes with the intended use in
Microsystems optoelectronic sensors.
B. QD-SWNT Complexes: Synthesis and Interaction
Synthesis
The optoelectronic properties desired in a QD-SWNT complex can only be
achieved through proper synthesis. A QD-SWNT complex consists of a quantum dot
chemically bound to the surface of a single wall carbon nanotube. Displayed in Figure 1 1
are TEM images of purified SWNTs and CdSe QDs which can be combined to form the
graphical rendition of a QD-SWNT complex. The SWNTs [QDs] may exist either as
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individual [individual] or bundled [clustered] structures (Figure 12), with the QDs
attached in a random or preferential orientation. The first synthetic reports for QD-SWNT




The authors presented detailed synthetic schemes, but the
experimental evidence strongly relied upon TEM images to verify efficiency and showed
inconsistent results with respect to any electronic interactions. Other properties of the
SWNTs and QDs, particularly the starting purities or carbonaceous coatings, were not
even a consideration. However, in the present work the intent is to produce electronic
device quality materials, resulting in a number of experimental approaches that need to be
carefully evaluated and experimentally verified.
The previous reports on chemical attachment of QDs to SWNTs relied upon
covalent methods, which require the breaking of carbon-carbon bonds and the reaction of
the resulting carboxylic acid groups to give products via nucleophilic acyl substitution.
There are other covalent approaches with which one could envision attaching QDs to
SWNTs,48"50
or through electrostatic interactions between charged functional groups (i.e.
protonated amines and de-protonated carboxylic acid groups). However, all covalent or
electrostatic reaction schemes alter the SWNT structural and electronic properties by
disrupting the sp hybridized conjugation. This may affect the electronic interaction,
thus altering the exciton dissociation process leading to charge transfer. Alternatively,
noncovalent approaches which use TC-orbital interactions between the functionalizing
compound and SWNTs would mitigate this
concern,52"5
as previously demonstrated in
CO
the case of immobilizing proteins on SWNTs.
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Figure 11. TEM images of (a) CdSe QDs and (b) high purity SWNTs which will be used
to fabricate a QD-SWNT Complex depicted by the schematic shown in (c).
The chemical bonding strategy and potential for charge transfer in a QD-SWNT
complex are both related to the ligand which passivates the QD surface. There are
various types of ligands which are routinely investigated (functional groups containing
mercapto, amine, carboxy, phosphine oxide, etc.) during QD synthesis and
characterization. In the case of QD-SWNT complexes, the ligand has to serve two
critical roles: (1) provide the structural framework for chemical bonding and (2)
facilitate exciton dissociation and electron transport. A fully it-conjugated system
between the QD and SWNT would probably render the most ideal electron transport. In
addition, the ligand structure on the QD surface will potentially affect the energy offset
for exciton dissociation. Each of these chemical bonding factors is expected to have a




Figure 12. Schematics of QD-SWNT Complexes where the QDs are attached to the
SWNTs as (a) individual, isolated structures or (b) bundled structures.
Interaction
The individual properties of QDs and SWNTs render a QD-SWNT complex with
the potential for an extremely responsive material to light (i.e. high extinction
coefficient), wavelength tunability, and charge transfer efficiency. The interaction
between the QDs and SWNTs in a complex will dictate whether these structures can
undergo the necessary charge transfer upon optical absorption, which is required for
efficient optoelectronic sensors. Engineering of suitable QD-SWNT complexes requires
an understanding of the potential energy levels associated with the components such that
the material junctions are tailored to promote efficient photo-conversion into free carriers
(i.e. electron transfer to SWNTs). Furthermore, the necessity to extract the free carriers
requires efficient hole conducting and electron conducting materials. The current work
intends to use a polymer matrix as the hole conducting medium, while the SWNTs will
provide the electron conduction. This approach is aimed at developing a simple solution-
phase process to fabricate nanomaterial-polymer composite photodiodes. A schematic
22









Figure 13. Diagram depicting the proposed charge transfer mechanism for a QD-SWNT
Complex under illumination.
The potential energy levels associated with the QDs and SWNTs are a critical
parameter for successful device operation. The cascade of energy transitions for the
QD-
SWNT complex will determine the wavelength selectivity (absorption) and sensitivity
(exciton dissociation efficiency). In a general case, the optical absorption will occur for
the QD (energy directly related to the nanocrystal size), and dissociation of the QD
excitons by the attached SWNT. Thus, the wavelength selectivity is based on selection of
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semiconducting composition and QD particle size, which determines the optical bandgap
(refer to Figure 6). However, upon photo-excitation, the QD promotes an exciton
(bound electron-hole pair) which needs to dissociate into free carriers to produce a
photocurrent. The dissociation process will be based on a sufficient potential energy
difference between QD and SWNT conduction energy levels as compared to the QD
exciton binding energy. In the case of CdSe QDs, the exciton binding energy has been
reported to be -0.1
eV.57
Therefore, the QD potential energy levels for the ionization
potential (Ev, valence level) and electron affinity (Ec, conduction level), in relation to the
vacuum level, have to align appropriately with SWNT potential energy values (see Figure
14a). The dissociation potential (Ed) is the energy difference in conduction energy levels
between CdSe QDs (3.5
eV)2
and SWNTs (4.5 eV for metallic and 4.8 eV for
semiconducting). If the value of Ed upon Fermi-level pinning exceeds the exciton
binding energy, then the electron will transfer to the SWNTs. The influence of quantum
confinement on these QD energy levels is not well understood. Recent measurements on
CdSe QDs have shown where nanocrystals exhibit a relatively constant electron affinity
and a slight inverse relationship for ionization potential between sizes. The efficiency of
dissociation and charge transfer from the QD exciton relies on the ability to delocalize the
electron with the SWNT, overcoming coulombic attractions, and enabling transfer of the





































and workfunction of "metallic (M) -
SWNTs.4
(b) Charge transfer under illumination for a properly structured composite with
the dissociation potential (Ed) greater than the QD exciton binding energy.
In addition to the absorption by the QDs, it has been shown that semiconducting SWNTs
can also absorb light and create bound electron-hole pairs which could contribute to
charge
transfer.58' 59
Since current SWNT materials contain a mixture of semiconducting
and metallic types, the interaction effects described herein may differ for QDs bound to
semiconducting SWNTs or metallic SWNTs. The ramifications of each of these will be
investigated based on their potential energy levels during this research.
The probability for efficient carrier transport is based on appropriate energy level
matching of the conduction and valence levels
of the hole conducting polymer and metal
electrodes in regard to the vacuum level. The cascade of energy transitions, exciton
dissociation, and carrier transport for a proposed device scheme, including a p-type
polymer with QDs and SWNTs as additives (QD-SWNT-polymer) is depicted in Figure
15. The energy levels have been adjusted in
relation to the vacuum level and equilibrated
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at the Fermi energy. In addition, the electronic transition associated with each
component's estimated band gap is clearly shown. Although the schematic represents a
series of planar junctions, the reality in a nanomaterial-polymer composite is actually a
complex three-dimensional network of junctions. The photo-induced excitons (for
photon energies > polymer bandgap) are expected to be dissociated by the nearest high
electron affinity material, either the QD or SWNT. In the case of photons absorbed at the
optical bandgap of either the QD or SWNT, the dissociation occurs between
nanomaterials with the hole injecting into the polymer. Overall, the holes are transported
by the polymer to the positive electrode and the dominant electron path is through the
percolating SWNTs to the negative electrode.
p-type Polymer S-SWNT
L.1 ^ ^-^9 ^ *^%
Figure 15. Diagram illustrating the cascade of energy transitions between absorption,
exciton dissociation, and carrier transport in a QD-SWNT-Polymer photodiode.
The viability for a
photo-induced charge transfer in a QD-SWNT complex is
supported by a recent report which suggested this effect for the first time using CdS QDs
covalently attached to
SWNTs.51
The measurements were performed by attaching the
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complexes to gold electrodes and placing them in an aqueous phosphate buffer solution
(0.1 M, pH 10) with triethanolamine (0.02 M). The illumination was controlled with a
Xe lamp source and monochromator. The results suggest that the measured photocurrent
is due to optical absorption by the CdS QDs and electron transfer to the attached SWNTs.
Thus, the use ofQD-SWNT complexes dispersed in a conducting polymermatrix provides
a suitable means to integrate with Microsystems applications.
C. Ph.D. Dissertation Overview
The overarching goal during this Ph.D. research is to demonstrate the necessary
synthesis and fabrication methods to construct a functional device with engineered
nanomaterials. This requires an understanding of how crude nanomaterials could be
synthesized, characterized, and manipulated; i.e. going from "dirt to
device."
There are
many unique challenges present when attempting to synthesize two completely dissimilar
nanomaterials: (1) using a laser vaporization process for SWNTs and (2) using a wet
chemistry colloidal approach for the QDs. Furthermore, the conventional techniques
used to characterize, purify, and functionalize these materials are at times in question and
often inadequate. There are significant portions of this dissertation devoted to
establishing standardized protocols for nanomaterial properties, most notably the purity.
These efforts are critical such that known, quantifiable SWNTs and QDs could be
chemically combined to produce a novel optoelectronic material. Finally, the efficient
dispersion of these nanomaterials into a conducting polymer matrix, poly(3-
octylthiophene) enables the fabrication of highly responsive polymeric photodiodes to be
achieved. Overall, it is the intent of this dissertation to show how manipulation of the
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nanomaterial surfaces through chemical functionalization can lead to materials with new
structures and exciting functional properties. Such a development is theoretically
important, and also vital to the pursuit of future applications, like tunable optoelectronic
Microsystems sensors.
The dissertation is divided into four RESULTS sections highlighting the
collective work leading to the successful fabrication of QD-SWNT complexes and
nanomaterial-polymer photodiodes. A brief summary of the challenges associated with
each of the research goals and directives will be provided in the following:
A. Single Wall Carbon Nanotubes
The use of SWNTs during this dissertation will require a sufficient quantity of
standardized, high quality material necessary to facilitate chemical coupling with QDs
and incorporation into a polymer composite for photodiode fabrication. Each synthesis
technique (either from commercial sources or in-house procedures) produces raw SWNT
soot with differing diameter, chirality distributions, and various amounts of synthesis by
products (amorphous carbon, metal catalysts, fullerenes, etc.). SWNT materials
produced using laser vaporization are known to be of high structural quality (low defect
content) and with a relatively high abundance compared to other
techniques.41' 60
Therefore, in response to SWNT synthesis, an Alexandrite laser vaporization process was
employed based upon a previous
report.61
The ability to produce SWNTs of differing




but reactor condition effects on SWNT chirality are currently unknown. However, the
effects of the total system parameters (temperature, pressure, flow rate, target
28
composition, etc.) have yet to be fully investigated, particularly with respect to
production yield (i.e. production rate times the purity). SWNT synthesis efforts during
this research involved probing the optimal conditions for yield and reactor effects on
SWNT chirality distributions.
A variety of reports have assessed the quality of such materials through electron
microscopy and
spectroscopy,67"69
but there is no single metric which accurately
quantifies the types, amount, and morphology of SWNT-containing materials. The most
popular techniques for SWNT characterization have been scanning electron microscopy
(SEM), transmission electron microscopy (TEM), optical absorption spectroscopy,




combination of these techniques, and possibly others, should provide an accurate account
of the quality of SWNT samples. Therefore, it is essential that a precise definition be
established for both measurement and terminology as to what
"purity"
means in regard to
SWNTs. Characterization efforts during this research were established to develop a
SWNTpurity assessment method towards optimizing the laser synthesis conditions and
maintaining levels ofstandardizedpurityfor comparative studies.
In addition to the basic characterization of raw soot, SWNTs require an intensive
purification treatment to remove unwanted synthesis by-products. Purification methods
of the as-produced SWNTs have been routinely attempted with acid and thermal
oxidation
steps.70
An appropriate set of experimental conditions is necessary to produce
sufficient quantities of the highest purity materials before chemical coupling to QDs or
incorporation into an optoelectronic device. This requirement established a research
goal to be the development of a reproducible purification procedure based upon
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quantifiable metrics that has enabled large-scale (tens of mg) production of
standardized, high purity SWNTs.
B. Quantum Dots
The intended attachment of QDs with SWNTs requires the synthesis of high
quality QD nanocrystals with known optical spectral characteristics and surface
functionality. Quantum dots will be prepared using colloidal techniques based upon
metal oxide and single source precursors. The synthesis of CdSe QDs will be with CdO,




There has already been tremendous synthetic control demonstrated for these




In addition, the purification procedures for each of the QD systems
are well established and include chemical extraction using polar solvents to extract
reaction byproducts and excess
ligand.22' 72
Therefore, it was necessary to establish
proficiency at synthesizing andpurifying high quality nanocrystals (CdSe and CuInSz)
in sufficient quantitiesfor chemical attachment to SWNTs.
Characterization by TEM and optical spectroscopy (absorption and fluorescence)
are common ways to asses QD quality based on the size dispersity and quantum yields
during luminescence. Ligand exchange procedures have previously been established for
QD surface passivation (towards improving luminescence). "In the present work, a
further consideration will be the necessity to chemically modify the nanocrystal surface
for coordination with SWNTs. The surface engineering requires high ligand bonding
affinity, appropriate chemical functionality, and the ability for electron transport (i.e. be a
30
short chain or have delocalized bonds). Thus, specific research efforts were directed
towards assessing the QD spectral properties and innovating appropriate surface
functionalityfor coupling to SWNTs.
C. QD-SWNT Complexes
The fabrication of QD-SWNT complexes will rely on the expertise acquired from
synthesis, purification, and chemical modification of each nanomaterial prior to
coordination. It has been shown that two bonding mechanisms, covalent and
noncovalent, can be used to coordinate nanoparticles to
SWNTs.46' 74"77
These chemical
methods, in addition to electrostatic binding, may offer the potential to influence the
optoelectronic properties of novel QD-SWNT complexes. Covalent bonding can proceed
by forming an amide or ester linkage between the functional groups on the QD ligand and
SWNTs. Noncovalent strategies between QDs and SWNTs rely upon a TC-orbital overlap
interaction between nanomaterials, as has been shown for protein anchoring with
1-
pyrenebutanoic acid succinimidyl ester (PBASE). Therefore, this research has
evaluated each of the three bonding methods (using two QD types and multiple
intermediary ligands) to ascertain the most successful reaction schemes.
Although recent reports in the literature have claimed covalent bonding of QDs to
SWNTs,46' 47
verification of attachment has relied upon microscopy (TEM and/or AFM),
with minimal spectroscopic data to probe the interaction. Characterization ofQD-SWNT
reaction products will be vital for confirmation of synthetic approach and as a means to
interrogate the physical and electronic interaction. The results from optical and Raman
spectroscopy will probe
changes in the electronic transitions and indicate possible charge
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transfer between components. In addition, microscopy (SEM, TEM, and AFM) will lend
credence to the location of bonding as well as any aggregation, preferential orientation, or
SWNT bundling effects inherent to the chemical reactions. The ligand type or length,
SWNT purity level, and noncovalent schemes are novel considerations that have yet to be
addressed in the literature. Therefore, this research has utilized both microscopic and
spectroscopic characterization to elucidate the type[s] of interactions between QDs and
SWNTs in a nanomaterial complex.
D. Nanomaterial-Polymer Photodiodes
The culmination of this research is to construct nanomaterial-polymer
photodiodes and evaluate their viability as optoelectronic sensing materials. The
production of homogeneous polymer composites will require sufficient interaction
between polymer chains and nanomaterials to allow for charge transport. The
incorporation of QD-SWNT complexes into the conducting polymer
poly(3-
octylthiophene)-(P30T) will be utilized for two reasons: (1) the high hole mobility of
this conducting polymer, and (2) the ease of fabrication found in a solution-processed
polymer composite. Photodiodes comprising SWNT, QD, and QD-SWNT-P30T
composites will be fabricated by depositing the active material on an
indium-tin-oxide-
(ITO) substrate and evaporating aluminum metal. The optoelectronic properties of these
composites will be tested using standard current-voltage measurements under
illumination. The nanomaterial-based devices are expected to promote exciton
dissociation, and hole transport through the polymer which has good on-chain carrier
78
mobility using the highly coupled,
Tt-conjugation network. The short-circuit current
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response in comparison to the pure polymer diode can be a measurable quantity relating
to the sensitivity of the optoelectronic sensor. Thus, this work has demonstrated the
first polymeric photodiode consisting of QD-SWNT complexes and lends credence to
the charge transfer mechanismsproposedfor these systems.
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III. RESULTS
A. Single Wall Carbon Nanotubes (SWNTs)
(i) Characterization and Properties
The use of SWNTs during this Dissertation research has required appropriate
characterization techniques to elucidate the properties of interest. This section describes
the common instruments for analysis, including a review on how each technique works,
and its utility in regards to SWNT research. The proper combination of microscopy,
spectroscopy, and thermal analysis is expected to provide a detailed perspective of the
SWNT quality (and purity) in a given sample. In addition, it is imperative to have a solid
understanding of basic SWNT characterization prior to attachment of QDs, which will
presumably alter the typical measurement results.
Microscopy
Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) is a technique which passes
[accelerates] electrons through a sample to monitor nanoscale arrangement of atoms and
particles. In the context of SWNTs, this technique enabled the discovery of these
structures by confirming a tubular configuration. In raw soot, TEM allows for a
qualitative assessment of SWNT purity by providing visual confirmation of carbon
impurities and metal catalyst particles (see Figure 16a). In addition, TEM can be used to
evaluate SWNT bundling, particularly the hexagonally close packed arrangement of
nanotubes as seen in Figure 16b for a curled structure. High resolution images can be
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used to quantify the SWNT diameter and/or evaluate specific carbonaceous coatings (see
Figure 16c).
The TEM images acquired during this Dissertation were based upon collaboration
with NASA Glenn Research Center. The instrument was a Phillips CM200 which
operated at an accelerating voltage of 200 kV. The TEM samples were typically
prepared using lacey carbon grids whereby the material was deposited from a suspension
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Figure 16. TEM images of raw SWNT soot depicting (a) general sample morphology,
(b) a SWNT bundle showing the hexagonally close-packed arrangement indicated by the
arrow, and (c) a high-resolution image of the sidewalls and carbonaceous coatings.
Scanning Electron Microscopy (SEM)
Scanning electron microscopy (SEM) is a technique used to evaluate the
surface characteristics of a sample by detecting the electron scatter from the sample
7Q
surface (higher quality images are produced for electrically conducting samples).
Consistent with most microscopy techniques, the micrographs provide a sample-limiting,
qualitative understanding of the material contents for imaged regions. When evaluating
SWNTs, the analysis provides information related to purity, as seen in Figure 17 where
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(a) raw, (b) refluxed, and (c) high purity SWNTs can be distinctly compared. In addition,
images can depict the amorphous carbon coatings in a raw soot (Figure 18a), the
nanotube tips during oxidative cutting procedures (Figure 18b), and the metal catalyst
content during purification (Figure 18c). In some cases, SEM can provide an
understanding of SWNT bundling effects, including the potential to quantify the bundle
diameters.
Figure 17. SEM images of (a) raw, (b) refluxed, and (c) high purity SWNTs.
The SEM used during this Dissertation was a Hitachi S-900 near-field field
emission instrument. Samples were prepared by applying SWNT material directly to
carbon tape or applied directly to sample stub using silver paint. The instrument operated
at an accelerating voltage of 2 kV and magnifications ranged from





Figure 18. SEM images of (a) carbon coatings in a raw soot, (b) the nanotube tips during
oxidative cutting procedures, and (c) the metal catalyst content during purification.
Atomic Force Microscopy (AFM)
Atomic force microscopy (AFM) is a surface characterization technique which
can probe both conducting and insulating sample surfaces. AFM generally operates by
raster scanning a cantilever stylus over the surface of a sample and optically measuring
the deflection of the
tip.79
In the case of SWNTs, the AFM images display a surface
morphology similar to SEM. SWNTs are typically deposited from solution onto a
cleaved-mica substrate and the extent of bundling or attached nanoparticles can be
observed. The most common use of AFM for SWNTs has been to provide a semi
quantitative analysis of the length distribution. For example, Figure 19 shows two
representative AFM images for SWNTs of differing length scales: (a) -3
- 5 |im and (b)
-750 nm.
The AFM images acquired during the present research were obtained using a
Veeco Multi-Mode scanning probe microscopy (SPM) in contact-mode at the NanoPower
Research Labs at R.I.T. and a Veeco Dimension 3100 SPM in tapping-mode at NASA
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Glenn Research Center. The samples were drop cast from solution onto freshly cleaved
mica, prior to drying for analysis.
0 2.5 5.0 7.5 10.0 12.5 0 2.5 5.0 7.5 10.0 12.5
Figure 19. AFM images of SWNTs deposited on mica for length scales of (a) - 3 - 5
urn, and (b) - 750 nm.
Spectroscopy
Optical Absorption Spectroscopy (UV-visible-near infrared)
Optical absorption spectroscopy is employed to evaluate the effects of
electromagnetic radiation on a sample in the UV-Vis-near infrared (NIR) region (200-
2500 nm). The spectrum depicts the wavelength (energy) associated with promotion of an
electron (or exciton) from a ground state to an excited state in an atom or
molecule.79
In
the case of SWNTs, the absorption peaks corresponding to abrupt changes in the
OA
electronic density of states. The SWNT optical absorption spectrum is highly
dependent on the diameter distribution and is best visualized using a "Kataura
Plot"
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which demonstrates the inverse relationship between SWNT diameter and transition
energy (see Figure 20).
The UV-Vis-NTR instrument used during this Dissertation was a Perkin-Elmer
Lambda 900 scanning spectrophotometer. The instrument scanned over a wavelength
range of 200-2500 nm at a data interval of 1 nm. For the UV-Vis region, the scan speed
was 375 nm/minute, integration time set at 0.12 seconds, the slit was equal to 4.0 nm, and
the gain set at 1. In the NIR range, the instrument scan speed was 375 nm/minute,
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transitions for SWNTs. The top spectrum is a convolution of the
transitions for the SWNT diameter distribution (shown by the gray box).
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Fluorescence Spectroscopy
Fluorescence spectroscopy is an analogous technique to optical absorption except
that it measures the luminescence (radiative relaxation from an excited state), rather than
the
promotion.79
The recent discovery of SWNT
fluorescence19
has provided a
straightforward approach with the capability to
"map"
the semiconducting distribution in
9Q
a sample. An example fluorescence map is shown in Figure 21a for purified HiPco
(commercial sample) in a 1 % sodium dodecylsulfate (SDS) - D20 dispersion. The (n,
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Figure 21. (a) Fluorescence map for purified HiPco (commercial sample)
in a 1% SDS-
D20 dispersion, and (b) plot of the (n, m) SWNT assignments for peak positions.
Fluorescence maps during this research were generated using a JY-Horiba
Fluorolog-3 spectrofluorometer. The data were always corrected for the instrument's
source spectral distribution and detector
spectral response. The excitation was scanned at
a 3 nm increment using a 450 W
xenon lamp through a 10 nm slit and a 1200 lines/mm
monochromator with a 500 blaze. The emission was measured using a liquid N2-cooled
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InGaAs detector over 3 nm increments through a 10 nm slit and a 600 lines/mm
monochromator with a 1500 blaze.
Raman Spectroscopy
Raman spectroscopy is used to monitor symmetric vibrations of a sample at an
excitation wavelength which can be resonantly enhanced when using an energy
corresponding to an absorption peak. During Raman excitation, the electrons are
promoted to an excited electronic state and immediately relaxed to a vibrational level,
which then recombine to the ground state. The difference in energy between the
excitation laser and the emitted light is the measured Raman shift (cm"1) which
corresponds to distinct peaks for the sample's vibrational
modes.79
Resonant Raman
spectroscopy has been used to evaluate the SWNT diameter distributions for
semiconducting and metallic SWNTs based upon the laser energy for resonant
enhancement.81
As the excitation energy changes, the specific SWNTs that are
resonantly enhanced also changes. This effect can be best visualized using a "Kataura
Plot"
as shown in Figure 22a, corresponding to excitation with a He-Ne laser (1.96 eV =
633 nm). The resulting Raman spectrum (Figure 22b) illustrates the predominate peaks
associated with SWNTs. The characteristic SWNT radial breathing mode (RBM) at 100-
300
cm"1
is used to calculate the diameter distribution based on Equation 4. The






The D-band at -1320
cm"1
originates from multiple resonance effects, arising from
SWNT defects or carbonaceous
impurities.83' 84
The G-band ranges from -1350 - 1600
and is comprised of two components from symmetry allowed vibrations in the
SWNT axial (denoted as
G+
at -1590 cm'1) and circumferential directions (denoted as
G"
over range of -1350-1550
cm"1




data displays the broad asymmetric Breit-Wigner-Fano
(BWF) lineshape (due to discrete phonon coupling to a continuum of electron density) for
resonantly enhanced metallic
SWNTs.87' 8S
The G'-band observed at -2600
cm"1
results
from a two phonon scattering explained by double resonance theory and is known to be
































Figure 22. (a) "Kataura
Plot"
illustrating excitation at 1.96 eV (633 nm), and (b) the
corresponding Raman
spectrum for the predominate peaks associated with SWNTs.
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Raman spectroscopy was performed during this Dissertation at room temperature
using a JY-Horiba Labram spectrophotometer with excitation energies of 1 .96 and 2.54
eV. Sample spectra were obtained from 50 - 3000
cm"1
using an incident beam
attenuation filter to eliminate localized heating and subsequent sample decomposition.
ThermalAnalysis
Thermogravimetric Analysis
Thermogravimetric analysis (TGA) is a technique used to evaluate the
thermal stability of materials by monitoring the change in sample mass while being
ramped through a temperature range at a specified rate. The results can quantify
decomposition temperatures for samples under a given set of atmospheric
conditions.79
Applied to SWNTs, the percentage of residual metal catalyst impurities can be
determined quantitatively. In addition, the effects of purification treatments can be
qualitatively monitored based on the carbonaceous decomposition temperature (see
Figure 23). Attempts to quantify SWNT purity using TGA have been
reported,70
but the
convolution of SWNT decomposition with the carbon impurities decomposition was not
fully considered.
The TGA instrument utilized for this Dissertation was a TA Instruments
Model 2950. Samples were applied to a platinum pan in quantities of -1 mg and ramped
at 10 C/min from room temperature up to 950 C under air at a gas flow rate of 60
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Figure 23. Representative TGA thermogram of raw SWNT soot illustrating the
measured weight change and
1st
derivative of the weight change (blue) at a ramp rate of
10C/min.
(ii) Laser Vaporization Synthesis
Alexandrite Laser Reactor System
The use of an alexandrite laser (755 nm) to produce SWNTs was initially reported
in 2001.
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A picture of the reactor used during this dissertation is shown in Figure 24 and
a schematic describing the major components in Figure 25. In addition to the laser, the
use of digitally-controlled rastering mirrors (GSI Lumonics) to control the laser pulse
incident on the target is unique to this set-up. The raster pattern can vary as necessary,
but the two predominant scan modes are depicted in Figure 26 (i.e. (a) linear scan with
50% overlap, 1-10 shots; and (b) corner-to-corner with 50% overlap, 1-5 shots).
44
1 w
Figure 24. Picture of the Alexandrite laser vaporization reactor at the NanoPower




















Figure 25. Schematic of the Alexandrite laser vaporization reactor in Figure 24;
highlighting each of the major experimental components for SWNT synthesis.
As is shown in Figure 25, there are many synthesis parameters to control in a laser
vaporization reactor. The most common ones have been the laser dynamics, furnace
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temperature, pressure, target composition, and carrier gas
dynamics.60' 67
Each of these is
expected to affect the raw SWNT soot, particularly the yield, but characterization tools to
assess the SWNT purity have limited the ability to fully optimize the reactor conditions.
In the current Dissertation, the Alexandrite laser reactor system has been used
primarily to synthesize sufficient quantities of SWNTs for establishing purity assessment
standards, and in subsequent efforts to couple QDs for dispersion in polymer composites.
Additional efforts towards understanding the synthesis of SWNTs with differing chiral
distributions will be discussed in the next section. However, during typical conditions,
y
the laser pulse was rastered (corner to corner over 1 cm with 50% overlap of 100 |is
pulses at a repetition rate of 10 Hz) over the surface of a graphite (1-2 micron) target
doped with 2% w/w Ni (submicron) and 2% w/w Co (< 2 micron), at an average power
density of 100 W/cm2. The reaction furnace temperature was maintained at 1150 C,
with a chamber pressure of 700 torr under 100 seem flowing Ar in a 46 mm inner




50% overlap / 1-10 shots
Corner-to-Comer Scan
50% overlap / 1 -5 shots




Effects of Carrier Gas Dynamics on Single Wall Carbon Nanotube Chiral Distributions
during Laser Vaporization Synthesis
Brian J. Landi and Ryne P. Raffaellc
Submitted for publication
This publication investigates the effects of carrier gas type and pressure on the
SWNT chiral distributions from a pulsed Alexandrite laser vaporization synthesis,
analyzed by Raman, optical absorption, and fluorescence spectroscopies. The
implications of this work are two-fold: (1) the ability to garner synthetic control over
select (n, m) chirality types during synthesis, and (2) an understanding that the
condensation cooling rate through the eutectic phase (which can be monitored by the
thermal transport using different gas dynamics) will promote certain SWNT chiralities.
This publication represents the first systematic investigation of laser vaporization
synthesis parameters on SWNT chiral distributions using 3-D fluorescence mapping. The
changes in average SWNT chiral angle and predominance for type II semiconducting
structures have been clearly assigned and discussed using comparative chiral index plots.
The present study expands the experimental tunability of laser vaporization synthesis for
SWNTs, while providing a complete spectroscopic characterization of how the carrier gas
dynamics can lead to novel chiral distributions.
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(iii) SWNT Purity Assessment
APPENDIX D Summary
Effects ofAlkyl Amide Solvents on the Dispersion ofSingle-Wall Carbon Nanotubes
Brian J. Landi, Herbert J. Ruf, James J.Worman, and Ryne P. Raffaelle
J. Phys. Chem. B 2004, 108, 17089-17095.
This publication evaluated a new series of alkyl amide solvents for the dispersion
of single wall carbon nanotubes (SWNTs). During this work, N,N-dimethylacetamide
(DMA) demonstrated dispersion capability equivalent to or better than any other solvents
previously reported. However, more importantly the results have suggested an
underlying mechanism for interaction with SWNTs that may account for the performance
in this series, as well as many other solvents. Calculation of the extinction coefficients in
DMA for laser-generated raw SWNT soot and purified SWNTs has shown the
dependence of these measurements on the relative SWNT mass fraction, or
"purity."
Additionally, enhancement in the optical absorption spectra attributed to debundling of
the SWNTs was observed with the DMA dispersions. This strategy using SWNT-DMA
dispersions has potential applications in purity assessment using optical absorption
spectroscopy, chromatographic separations to produce phase-pure (specific diameter and
electronic type) SWNTs, and organic-based reaction schemes.
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APPENDIX E Summary
PurityAssessment ofSingle-Wall Carbon Nanotubes, Using OpticalAbsorption
Spectroscopy
Brian J. Landi, Herbert J. Ruf, ChrisM. Evans, Cory D. Cress, and
Ryne P. Raffaelle
J. Phys. Chem. B. 2005, 109, 9952-9965.
This publication investigated SWNT-DMA dispersions to address the problem of
SWNT purity assessment. There are numerous scientific reports being routinely
published without a necessary understanding of the level of SWNT purity being
employed. Consequently, there has been a need to develop a method whereby the types,
amount, and morphology of SWNT-containing materials can be accurately and precisely
quantified. In order to investigate the accuracy of purity assessment methods, it would be
necessary to have an appropriate reference set with which to verify the methodology and
this metric has yet to be provided. Therefore, this publication shows how a constructed
sample set of DMA dispersions comprising designed mass fractions of purified SWNTs
with representative synthesis by-products can be used as such a metric. This work
developed a nonlinear 7t-plasmon model for spectral background subtraction. The model
considers overlap of electronic
transitions and peak broadening, and it shows excellent
agreement with the designed mass fractions of the constructed sample set. Further work
showed how rapid purity assessment methods could be employed based on the absolute
intensity and ratio of intensities for the second semiconducting transition (SE22) and first
metallic transition (MEn) peaks. These protocols are capable of facilitating SWNT
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sample screening during synthesis, purity monitoring during purification procedures, and
enabling the estimation of purity from visual observation during presentations or in
publications. Overall, the work has provided an unprecedented understanding of SWNT
purity assessment and should lead to more accurate analyses and consistency
in




Thermal Oxidation Profiling ofSingle-Walled Carbon Nanotubes
Brian J. Landi, Cory D. Cress, ChrisM. Evans, and Ryne P. Raffaelle
Chem. Mater. 2005, 17, 6819-6834.
This publication addresses two major challenges in the field of SWNT chemistry
today: (1) the ability to assess the quality of SWNTs through a verified purity assessment
and (2) the reproducible purification of large scale quantities of standardized materials.
The publication describes a protocol for developing a thermal oxidation profile (TOP) of
SWNT-containing samples using a systematic series of thermal treatments over the
decomposition range for raw and acid-refluxed SWNTs. The stepwise variation of
temperatures allowed for a direct comparison of the thermal conditions on SWNT
structural and electronic properties, monitored by SEM, Raman, and optical absorption
spectroscopy. Application of the purity assessment method (Landi, B.J. et al. J. Phys.
Chem. B, 2005, 109, 9952.) based on a constructed sample set allowed for the SWNT
purity and mass retention to
be calculated after each thermal treatment step. Additional
work on the kinetics of thermal oxidation processes demonstrated the ability to achieve
purification efficiencies of 75 % w/w (which connotes the product of a verified purity and
mass retention) for select isothermal treatments. Overall, this work represents the first
systematic approach to understanding SWNT purification, and it enables the large scale
production of standardized samples for QD coupling and device fabrication.
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B. Quantum Dots (QDs)
(i) CdSe
Synthesis
The synthesis of CdSe core nanocrystals is based on the previous work using
cadmium oxide (CdO) instead of dimethyl cadmium as the cadmium source. The
procedure is performed on a standard shlenk line under argon, whereby CdO is dissolved
in a mixture of stearic acid and octadecene (ODE) at 200 C, producing a solution of
cadmium stearate. The solution is cooled to room temperature and a mixture of
octadecylamine and trioctylphosphine oxide (TOPO) are added to control growth, enable
selective solubility, and for QD surface passivation. The reaction solution is re-heated to
280 C and a solution of selenium dissolved in trioctylphosphine and ODE is injected and
reacted for a select time period. Typically, these reactions produce CdSe QDs with
nanocrystal diameters of - 3 - 4 nm. The reaction time and cooling rate (rapid quench
vs. a slow cool down) can drastically affect the size and quality of the nanocrystals.
Shown in Figure 27 are representative TEM images of the CdSe QDs synthesized using
this method. Evident from Figure 27a is the relatively monodisperse particle size
distribution; a property that will be even more apparent in the spectroscopic data. Figure
27b is a high-resolution image that illustrates the crystal planes for the nanocrystals while
providing a
semi-quantitative means to assess the particle diameters.
Purification
Purification of the as-synthesized CdSe QDs is required to remove excess ligands
and reaction by-products. The chemical extraction that was reported to be most efficient
for this reaction scheme used a mixture of methanol and
hexanes.22
The polarity of the
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methanol preferentially removes the impurities, while the nonpolar hexanes solubilize the
TOPO-capped QDs. Subsequent washes with methanol/hexanes are necessary to fully
purify the QDs. This purification process is depicted in Figure 28. The contents of the
separatory funnel illustrate the purification steps at (a) initial extraction with impurities
on the bottom layer, (b) after multiple washes with methanol/hexanes, and (c) the final
purified product. Thus, the purified CdSe QDs in Figure 28c are capped and stabilized
with a TOPO ligand in a hexanes solution.
(a) (b)
Figure 27. TEM images of CdSe QDs showing (a) narrow size dispersion, and (b)






Figure 28. Images of a separatory funnel used during the CdSe QD purification
procedure at select steps: (a) initial extraction with impurities on the bottom layer, (b)
after multiple washes with methanol/hexanes, and (c) the final purified product.
Characterization
Optical Absorption Spectroscopy
Characterization using optical absorption spectroscopy is commonly employed to
evaluate the QD diameter distribution based on the first excitonic peak. The progressive




Shown in Figure 29 is an overlay of four
CdSe QD samples with diameters ranging from -2.5
- 4.2 nm, based on empirical




with < 2 nm particle size variation. This type of nanomaterial control can
assuredly be exploited in optoelectronic Microsystems sensors.
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Figure 29. Optical absorption spectra for four different size distributions of CdSe-TOPO
QDs in hexanes.
Fluorescence Spectroscopy
In addition to absorption, CdSe QDs have a very pronounced fluorescence
emission. The simplest visualization of this effect can be observed when QD samples are
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illuminated by a UV light source. Figure 30 shows three CdSe QD samples (diameters of
2.5, 3.1, and 4.2 nm) under (a) ambient room light and (b) 254 nm illumination with a
UV lamp. The bright emission of each sample is characteristic of the optical bandgap for
the QDs, which directly relates to their diameter.
Figure 30. Images of CdSe QDs under (a) ambient room light and (b) 254 nm
illumination with a UV lamp.
Although empirical calculations are available for optical absorption
spectroscopy,"
fluorescence spectroscopy is the conventional technique to determine QD
bandgap due to emission from the conduction band edge. This enables a true
measurement of the optical bandgap since optical absorption can occur for available
excitonic states near the band edge, but at slightly higher energy. Thus, a Stokes shift is
typically observed between absorption and emission processes. In the case of QDs, the
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largest shifts are observed in small diameter nanocrystals (-2 nm QDs show -100 meV),
and the shift progressively decreases with increasing QD particle size. The relationship
between Stokes shift and particle size has been explained based upon quantum
confinement effects for the exciton fine structure above the band edge. In smaller
[larger] nanocrystals, there is larger [smaller] energy spacing but similar oscillator
strength (proportional to the extinction coefficient) compared to the band edge, thus
allowing absorption to occur at higher energies.
Figure 31 shows the representative Stokes shift for the largest CdSe QD sample
prepared during this research with the calculated value being 18 meV. This is a smaller
value than typical reports for similar size CdSe QDs (>25
meV)5
and is highly
suggestive of the nanocrystal quality and/or monodispersity in particle size produced
during this research. The size dispersion in the QD samples can be further evaluated
through curve fitting of the fluorescence peaks. Shown in Figure 32a are the
fluorescence peaks for each of the three samples from Figure 30, demonstrating the
corollary shift in emission for each QD's actual optical bandgap. Figure 32b illustrates
the curve fitting with a Voigt function to the emission peak for the 4.2 nm CdSe sample.
The Voigt functional
form91
showed the best fit to the data (compared to Gaussian and
Lorentzian) and the peak full width at half maximum (FWHM) equaled 20 nm at 594 nm.
The FWHM result shows an improved size dispersion compared to the researchers who
developed this synthesis procedure (reported FWHM was 25
nm).22
Therefore, the
spectroscopy data indicate that the CdSe QDs prepared in this Dissertation are among the













T'F "f 1 | I 1 I I | I I I ! | I I I I | T I
1 T
4.2 nm CdSe-TOPO













525 550 575 600 625 650
Wavelength (nm)
Figure 31. Overlay of optical absorption and fluorescence spectra for the 4.2 nm
CdSe-
TOPO sample in hexanes. The Stokes shift between peak maxima is highlighted with a
calculated value of 18 meV.
(a) (b)
4.2 nm CdSeTOPO











Figure 32. (a) Fluorescence spectra for CdSe-TOPO QD samples in hexanes showing
the size-dependent optical bandgap, and (b) curve fit to the 4.2 nm CdSe sample using a




Colloidal CuInS2 Nanoparticlesfor Polymeric Solar Cells
Stephanie L. Castro, Brian J. Landi, Ryne P. Raffaelle, and Sheila G. Bailey
AIAA 2ndIECEC, Providence, Rhode Island 2004, 5528.
This publication describes the synthesis, characterization, and surface
functionalization ofCuInS2 QDs. The use of a single source precursor (PPli3)2CuIn(SEt)4
in conjunction with a non-coordinating solvent dioctylpthalate, was used to synthesize the
QDs by thermal decomposition. The CuInS2 nanocrystals were analyzed by TEM, X-ray
diffraction, optical absorption and fluorescence spectroscopies. Efforts to understand the
QD surface chemistry were made by evaluating different types of ligands and
concomitant solvent solubility. These experiments enabled the first chemical attachment
ofCuInS2 QDs to SWNTs using a covalent reaction scheme.
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C. QD-SWNT Complexes
(i) Synthetic Routes Toward Chemical Attachment
Covalent vs. Electrostatic
APPENDIX H Summary
Quantum Dot - Single Wall Carbon Nanotube Complexesfor Polymeric Photovoltaics
Brian J. Landi, Stephanie L. Castro, Chris M. Evans, Herbert J. Ruf,
Sheila G. Bailey, and Ryne P. Raffaelle
Mater. Res. Soc. Symp. Proc. 2005, 836, L2.8.1.
This publication outlines the covalent and electrostatic attachment routes for
synthesis of QD-SWNT complexes. It includes efforts using both CdSe and CuInS2 QDs
bound to carboxylic acid-terminated SWNTs. Two QD ligands were investigated:
aminoethanethiol and mercaptoacetic acid with a bridging ethylenediamine. The efficacy
of these reactions was analyzed using TEM, and the most promising results were
achieved via covalent attachment. Optical absorption spectroscopy on the CuInS2
QD-
SWNT complexes showed the prospect for an electronic interaction in the covalent
product based upon an observed blueshift in SWNT absorption. These results
demonstrate the attachment of CuInS? QDs to SWNTs as well as providing spectroscopic




Noncovalent attachment ofCdSe Quantum Dots to Single Wall Carbon Nanotubes
Brian J. Landi, ChrisM. Evans, James J.Worman, Stephanie L. Castro,
Sheila G. Bailey, and Ryne P. Raffaelle
Mater. Lett. 2006, in press.
This publication was the first submitted report on noncovalent attachment of QDs
to SWNTs; using an aromatic bridging molecule (PBASE) that anchored the QDs along
the sidewall of the SWNTs. The ligand exchange efficiency (i.e. trioctylphosphine oxide
(TOPO)-capped CdSe to the 4-aminothiophenol (ATP) ligand) was rigorously analyzed
using solvent solubility, NMR spectroscopy, and IR spectroscopy, in an initial attempt to
quantify the process. TEM analysis after chemical coupling of the
CdSe-ATP QDs to the
PBASE-SWNTs shows an abundant coverage of QDs along the SWNT bundles. The
interactions between PBASE and attached QDs on the SWNT electronic and vibrational
modes were assessed using optical absorption and Raman spectroscopy. The results from
this noncovalent functionalization approach demonstrate good SWNT structural integrity
during attachment (in contrast to covalent procedures) and evidence for charge transfer
between the SWNTs and attached CdSe QDs. Thus, this work represents the highest




Synthesis and Raman Spectroscopy ofCdSe-AET-SWNT Complexesfor Polymeric
Solar Cells
Sheila G. Bailey, Stephanie L. Castro, Brian J. Landi, Herbert J. Ruf,
and Ryne P. Raffaelle
19th
EU PVSEC, Paris 2004, 1AP.1.5.
This publication includes further work using the covalently attached CdSe QDs to
SWNT using an aminoethanethiol (AET) intermediary ligand. These complexes were
investigated using Raman spectroscopy to infer effects from attachment on the SWNT
vibrational modes. The results demonstrate considerable upshifts in peak positions
(consistent with the noncovalent attachment work discussed in APPENDIX I) that can be
attributed to an interaction between nanomaterials. The relative quenching of the BWF
mode for the G-band and the significant upshift of each mode would indicate that
electron transfer from the QDs to SWNTs has occurred, altering the SWNT transition
energy resonantly enhanced during analysis. The cumulative results from this chapter
demonstrate successful synthesis of QD-SWNT complexes and the first spectroscopic




(i) CuInS2 QD-P30T Photodiodes
09
The majority of previous work on QD-polymer photodiodes has involved CdSe,
'
however, the bandgap of these nanocrystals is at or above the bandgap of
poly(3-







Therefore, the initial work in this Dissertation involved the development of CuInSi QDs
for dispersion into P30T and the subsequent fabrication of polymer composite
photodiodes. Shown in Figure 33 are the chemical structure of P30T and a
representative image of a P30T composite photodiode. The devices are typically




Figure 33. (a) Chemical structure of poly(3-octylthiophene)
- (P30T), and (b) image of
P30T photodiode.
The CuInS2 QDs were synthesized as described previously using a single source
precursor (see APPENDIX G). Incorporation of the QDs into the P30T occurred through
ultrasonication at doping levels of 25 and 50 % w/w. The resulting optical absorption
data and an image for these composite dispersions are shown in Figure 34 as a function of
weight doping level. The increased absorption below the polymer bandgap due to the
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QD addition is apparent in the data, with the intention that the QDs will also participate
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Figure 34. Optical absorption spectra for CuInSa QD - P30T composite solutions. The
inset shows a picture of the actual solutions in the 1mm cuvettes.
The photoresponse for the QD-polymer photodiode relies upon the CuInS2
materials to have an electron affinity (EA) at energy greater than the LUMO Level
(conduction energy) of the pure polymer, in relation to the vacuum level. As shown in
Figure 35, the energy level offsets are sufficient to dissociate either the P30T or CuInS2
QD exciton, given that a good estimate of the exciton binding energy for P30T is 0.5 eV.
Also, the expected open-circuit voltage (V0c) should be derived from the difference in
energy levels of the valence energy
of the polymer (i.e. HOMO level) and the electron
affinity of the
nanomaterial. Given the range of reported electron affinities for
CuInS2,95
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Figure 35. Energy level diagram for a CuInS2 QD - P30T junction indicating the VOC
is the relative difference between the electron affinity of the QD and the valence energy
in the polymer.
Fabrication of the CuInS2-P30T composite photodiodes occurred by spin coating
25 and 50 % w/w QD composites from a 10 % w/w P30T solution in toluene at 2500
rpm on an indium-tin-oxide (ITO) coated plastic. Metal contact was made by
evaporating aluminum at thicknesses of
- 1000 A. A representative picture for these
devices is shown in Figure 36a. The optoelectronic characterization showed the expected
photoresponse under simulated air mass zero (AM0, 1366.1 W/m2) illumination with the
trend of higher efficiency with higher % w/w loading levels of CuInS2 QDs (Figure 36b).
The observed Voc of -0.5 V is consistent with the theoretical energy level diagrams
depicted in Figure 35. The current measurements demonstrate an order of magnitude
photoresponse compared to a pure polymer photodiode. Therefore, the prospect exists
based upon the optical absorption data that CuInS2 QDs could be selectively responsive,













Figure 36. (a) Picture of a QD - P30T photodiode, and (b) optoelectronic
characterization under simulated air mass zero (AMO) illumination for the CuInS2 QD -
P30T composite photodiodes.
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(ii) SWNT - P30T Photodiodes
APPENDIX K Summary
Single - Wall Carbon Nanotube - Polymer Solar Cells
Brian J. Landi, Ryne P. Raffaelle, Stephanie L. Castro, and Sheila G. Bailey
Prog. Photovolt: Res. Appl. 2005; 13: 165-172.
This publication discusses the incorporation of high purity SWNTs into P30T as
a means to improve the performance of a polymer photodiode. Homogeneous SWNT-
P30T composites were achieved through ultrasonication and mechanical stirring and
spray-cast films were analyzed by optical absorption spectra for 0.1 and 1.0 % w/w
composite films. The absorption data exhibited the characteristic NIR peaks for SWNTs,
with an observed redshift in the P30T bandgap edge indicative of chain elongation due to
interaction with the SWNTs. The composite films were sandwiched between ITO and
aluminum electrodes, and optoelectronic characterization was carried out under simulated
AMO illumination. The results showed a dramatic photoresponse with addition of
SWNTs, including a direct relationship between concentration and photocurrent. The
effects of enhanced electrical conductivity and NIR absorption by the SWNTs are
proposed to account for the observed photoresponse.
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(iii) QD - SWNT - P30T Photodiodes
APPENDIX L Summary
CdSe quantum dot - single wall carbon nanotube complexesforpolymeric solar cells
B.J. Landi, S.L. Castro, H.J. Ruf, CM. Evans, S.G. Bailey, R.P. Raffaelle
Sol. Energy Mat. Sol. Cells 87 (2005) 733 - 746.
This publication represents the first report of QD-SWNT complexes being
incorporating into a functional polymer photodiode. It also represents the first discussion
relating to the absorption, exciton dissociation, and charge transport that can occur in
such nanomaterial complexes, particularly when incorporated into a hole
-
transporting
matrix. The covalent attachment of CdSe QDs to SWNTs was confirmed by IR
spectroscopy, AFM, and TEM; and the optical absorption properties of the nanomaterial
- polymer composites were also analyzed. Evaluation of the optoelectronic properties for
the CdSe QD - SWNT - P30T photodiodes was made using simulated AMO
illumination. This publication was also a feature presentation at the Solar Cell 2004
Conference in Badajoz, Spain.
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Figure 37. Picture of Brian J. Landi presenting the current publication at Solar Cell 2004
in Badajoz, Spain. Photograph taken by Krystian Cybulski.
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IV. CONCLUSIONS
The focus of this Dissertation has been the development of nanomaterial
complexes comprising quantum dots (QDs) and single wall carbon nanotubes (SWNTs)
for Microsystems sensors. Thus, the research required several key steps to be
accomplished for success: (1) nanomaterial synthesis and purification, (2) chemical
attachment of two dissimilar structural moieties, and (3) incorporation of nanomaterial
complexes into a conducting polymer to fabricate functional photodiodes. Although each
of these tasks was independently challenging, the successful realization of each objective
was based on the unique capabilities available at the NanoPower Research Laboratories.
The culmination of this Dissertation ultimately resulted in the fabrication of a
QD-
SWNT-Polymer Photodiode, which shows distinct promise as a novel optoelectronic
sensor.
A substantial amount of research effort was devoted to understanding and
improving the fundamental properties of the nanomaterials, particularly the SWNTs.
Knowledge of the starting purity prior to chemical attachment or device incorporation
was deemed a necessary and critical step towards any worthwhile research effort.
Therefore, it became incumbent to establish standardized protocols for reproducible
synthesis, purification, and characterization of each nanomaterial. In the case of SWNTs,
this requirement was not just a simple extension of previous work in the literature, but
rather, it necessitated significant innovation in terms of defining a protocol and verifying
its efficacy.
The SWNT synthesis efforts during this research involved the use of a pulsed
Alexandrite laser vaporization reactor. The application of this setup to produce SWNTs
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was conceived around the same time as the start of this Dissertation. Therefore,
considerable efforts in the present work have been involved with probing the optimal
conditions for production yield and reactor effects on SWNT chirality distributions. The
results have shown the ability to alter the carrier gas dynamics through gas type and
pressure to produce differing SWNT chiral distributions at various purity levels. Such
advancements have been aided by the development of a SWNT purity assessment method
using conventional optical absorption spectroscopy. Application of the purity assessment
protocol to purification monitoring has identified thermal oxidation conditions after acid
reflux whereby large-scale (tens of mg) production of standardized, high purity SWNTs
can be achieved with a 75% overall efficiency. These results represent the first
established metrics of reference for SWNT purity as well as an unprecedented level of
purification efficiency.
Proficiency at synthesizing and purifying high quality quantum dot nanocrystals
(CdSe and CuInS2) in sufficient quantities was necessary for eventual chemical
attachment to SWNTs. The colloidal synthesis procedures were based upon application
of previous work in the literature and use of concurrent developments by collaborators at
NASA. Efforts focused on assessing the QD spectral properties to control size and
innovating appropriate surface functionality for coupling to SWNTs. Three bonding
methods (covalent, noncovalent, and electrostatic) were used in conjunction with both
QD types and multiple intermediary ligands to ascertain the most successful reaction
schemes for a QD-SWNT complex. The noncovalent aromatic ligand approach was
conceptually and experimentally pioneered during this Dissertation. Coincidentally, a
noncovalent attachment was found to be the most appealing due to retention of the
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SWNT structural integrity, while also enabling charge transfer between nanomaterials.
These results were supported by both microscopic and spectroscopic characterization to
confirm attachment success and the potential for electronic interactions between QDs and
SWNTs in the complex.
Finally, an investigation of how QD-SWNT complexes would participate as an
active optoelectronic material was initiated during this Dissertation. A qualitative
treatment of the energy levels necessary for exciton dissociation and charge transfer was
evaluated based on reported values in the literature. The opportunity for selective optical
absorption by the QD and charge transport to the SWNTs is expected in these material
complexes. The Dissertation ultimately demonstrated the first polymeric photodiode
consisting of QD-SWNT complexes, enabling future work to lend credence to the charge
transfer mechanisms proposed for these systems.
Dissertation Impact onMicrosystems Engineering
The results involving SWNT purity assessment and purification monitoring may
represent the most immediate impact from this Dissertation to Microsystems
Engineering. Current efforts to fabricate carbon nanotube transistors, optoelectronic
emitters, microactuators, etc. are of intense interest and can assuredly benefit from the
fundamental characterization established in this Dissertation. In addition, the innovations
surrounding QD-SWNT complexes offer a farther reaching contribution to Microsystems,
based on the potential to revolutionize optoelectronic sensing through nanostructured
materials. The conventional bulk crystalline photodiodes (e.g. silicon, gallium arsenide,
etc.) are expected to be replaced by optically tunable, 3-dimensional structures. The
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prospect of producing a QD-SWNT optoelectronic sensing node, as depicted in Figure
38, is now achievable based on application of the Dissertation results to recent
advancements in SWNT growth. Vertically-aligned SWNTs can be grown on patterned
silicon substrates and the attachment of QDs to SWNTs using the noncovalent procedure
pioneered in the present work is easily applicable to standard batch processing customary
to CMOS fabrication. Therefore, this Dissertation not only includes ground-breaking
work on nanomaterial synthesis, purification, and surface engineering; but also has led to
the conception and demonstration of QD-SWNT complexes for future integration as
Microsystems sensors.
Figure 38. Schematic of a QD-SWNT optoelectronic sensing node which includes
vertically grown SWNTs, noncovalently attached QDs, a hole conducting polymer layer
(green shading), and a transparent conductive oxide (gray shading).
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ABSTRACT
We report on the utility of modifying the carrier gas dynamics during laser vaporization synthesis to
alter the single wall carbon nanotube (SWNT) chiral distribution. SWNTs produced from an
Alexandrite laser using conventional Ni/Co catalysts demonstrate marked differences in chiral
distributions due to effects of helium gas and reactor chamber pressure, in comparison to conventional
sub-ambient pressures and argon gas. Optical absorption and Raman spectroscopies confirm that the
SWNT diameter distribution decreases under higher pressure and with helium gas as opposed to argon.
Fluorescence mapping of the raw soots in sodium dodecylbenzene sulfonate (SDBS)-D20 was used to
estimate the relative (n, m)-SWNT content of the semiconducting types. A predominance of type II
structures for each synthesis condition was observed. The distribution of SWNT chiral angles was
1
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observed to shift away from near-armchair configurations under higher pressure and with helium gas.
These results illustrate the importance of gas type and pressure on the condensation/cooling rate, which
allows for synthesis of specific SWNT chiral distributions..
MANUSCRIPT TEXT
There is considerable ongoing effort to develop control over individual single wall carbon nanotube
(SWNT) properties (chirality, length, purity, electronic type ratio, etc.) for a variety of
applications.1"3
This control can either be accomplished during synthesis or in conjunction with subsequent processing
steps aimed at purification and separation of the desired
products.4'6
Although substantial work has
been done in the last decade involving synthesis techniques and conditions for varying SWNT
diameter,
"
the ability to manipulate production of specific SWNT chiralities is still a sought-after
research goal. Each SWNT chirality is designated by (n, m), where n and m represent unit vector
integers for a chiral vector with respect to the zigzag direction {9
=
0) on a graphene
sheet.10
The
synthetic tunability of SWNT chiralities has been a research challenge, in large part, due to the absence
of a characterization technique which can rapidly discriminate the (n, m) SWNT types in a sample. The
recent discovery of SWNT
fluorescence11
has provided a straightforward approach with the capability
to
"map"
the semiconducting distribution in a
sample.12
Therefore, such spectroscopy can assist in
understanding effects of experimental parameters on SWNT distributions during synthesis, as well as
potentially offering insight into the mechanism(s) of growth. Recent work using chemical vapor
deposition (CVD) approaches has shown where temperature, catalyst support, and gas conditions can
each alter the SWNT chiral distributions, as observed by fluorescence
maps.7,13'16
The potential for pulsed laser vaporization synthesis to experimentally control SWNT chiral
distributions relies on the appropriate parameter selection of laser properties (wavelength, pulse profile),
target composition (catalyst type, catalyst concentration, particle size, etc.), and environmental effects
(temperature, pressure, gas type, flow rate,
etc.).17
This synthesis technique is routinely employed
because of its ability to produce SWNTs of high quality (i.e. high mass fraction yield, low defect
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Control over SWNT diameters has ranged quite remarkably from -0.7-6 nm,
depending on the selection of experimental parameters; most notable being the metal
catalysts.8,
18"22
However, the fundamental relationships between synthesis conditions (i.e. reactor effects on
vaporization, condensation, nucleation, and growth) and predominating SWNT diameters requires
further investigation. A number of studies have investigated the laser vaporization and plume
condensation processes using in-situ
diagnostics.24"31
These measurements have provided quantitative
information on the vaporized atomic species, thermal profile during vaporization and condensation, and




researchers have yet to discern the effects of reactor conditions on the nucleation
process which dictates the distribution of (n, m) SWNT chiralities. The application of fluorescence
mapping to study laser-generated
SWNTs34, 35
may provide critical insight into the synthesis mechanism
by quantifying the resulting SWNT chiral distributions from differing synthesis conditions.
In this letter, we report on the effects of carrier gas type and pressure on the SWNT chiral
distributions during laser vaporization synthesis. The effects of gas type (helium vs argon) and pressure
(700 vs 950 torr) on the raw SWNT soot is monitored using Raman, optical absorption, and
fluorescence spectroscopies. The carrier gas dynamics are shown to exhibit pronounced effects on the
diameter distribution and SWNT yield for the raw soots. This study also represents the first
investigation of laser synthesis conditions on the SWNT chiral distributions based upon fluorescence
mapping. The carrier gas dynamics show a trend between gas cooling rate and resulting SWNT chiral
distributions, which is discussed in relation to the liquid-solid condensation mechanism.
The SWNTs were synthesized using a pulsed Alexandrite laser vaporization reactor with the specific
details of this reactor described
previously.3' 5' 6' 36
During the laser synthesis, the targets were
composed of 3% w/w each, Ni (submicron) and Co (< 2 urn), mixed with graphite (1-2 um). The
carrier gas (argon or helium) and pressure (700 or 950 torr) were varied while maintaining a constant
furnace temperature of 950 C and gas flow rate of 100 seem. The entire as-produced raw SWNT soot
for each run (average production rate was 10 mg/hr) was collected and homogenized into two portions:
3
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(1) using N,N-dimethylacetamide (DMA) and (2) using 1% w/w sodium dodecylbenzene sulfonate
(SDBS)37
in D20. Each sample was prepared by ultrasonication for 30 min at 40 C. The DMA
samples (1 mg/mL) were filtered using a 1 pm poly(tetrafluoroethylene) membrane and dried at 200 C
for 1 hour (DMA-dry) prior to analysis by Raman spectroscopy ( JY-Horiba LabRam) using two laser
excitations (1.96 and 2.54 eV). The SDBS-D20 samples were dispersed at a concentration of 0.5
mg/mL and each diluted to 50 pg/mL prior to optical absorption and Raman spectroscopic
measurements. The optical absorption spectroscopy was performed with a Perkin-Elmer Lambda-900
spectrometer using 1 mm cuvettes, as described previously. Fluorescence maps were generated using
a JY-Horiba Fluorolog-3 spectrofluorometer and corrected for the instrument's source spectral
distribution and detector spectral response. The excitation was scanned at a 3 nm increment using a 450
W xenon lamp through a 10 nm slit and a 1200 lines/mm monochromator with a 500 blaze. The
emission was measured using a liquid N2-cooled InGaAs detector over 3 nm increments through a 10
nm slit and a 600 lines/mm monochromator with a 1500 blaze.
The optical absorption spectra for each of the raw soots dispersed in 1% w/w SDBS-D2O are shown
in Figure 1. Depicted is the absorption region for the 1 energetic transition of the semiconducting
SWNTs
(sEn).20
The general trend for quantum confined nanomaterials (i.e. dots, wires, wells) having
an optoelectronic bandgap inversely proportional to size also holds true for SWNT diameter. The data
shows multiple resolved absorption peaks for each synthesis condition, indicative of predominant
SWNTs. However, the two-dimensional optical absorption spectra cannot unambiguously be used to
assign specific (n, m) SWNTs due to a convolution of similar transition energies for different chiralities
(this point will become more apparent with the fluorescence data). The observed trend for helium as the
carrier gas is a shift in the SWNT chiral distribution to shorter wavelengths, indicative of smaller
diameter SWNTs. This shift in SWNT diameter is consistent with previous optical absorption data for
SWNTs produced using a Nd:YAG laser
system.8,
38
The relative absorbance intensity for higher pressure conditions shown in Figure 1, most notably in
the case of helium, is attributed to a higher SWNT yield (mass fraction) present in the sample. This
4
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conclusion is based on previous work for optical absorption data which shows that a relative increase in
the SWNT peak absorbance, in relation to the underlying rt-plasmon absorbance, directly correlates to
an increase in SWNT mass
fraction.5, 6' 18, 36
The effect of gas conditions on SWNT yield has been
shown to be sensitive to gas type and pressure, although the exact parameters varies with the laser
vaporization reactor set-up (laser conditions, flow rate, target composition,
etc.).8, 39, 40
These reports
indicate that for helium, the ideal pressure is higher than ambient, as is also suggested by our current
results. This trend may help to explain the poor yields typically reported for reactions with helium gas
< 500
torr.41, 42
In addition, theoretical simulations on vapor plume expansion in different inert gas
environments show that helium is less restrictive than argon, thus diluting the amount of carbon
feedstock available for SWNT
growth.43
This assertion is consistent with our results indicating that a
higher helium pressure is required to produce comparable SWNT yields to argon gas conditions.
The results from Raman spectroscopy corroborate the trend with regards to gas type on the diameter
distributions. Shown in Figure 2 are the Raman spectra for the region of the radial-breathing-mode
(RBM) for each of the DMA-dry samples at (a) 1.96 eV and (b) 2.54 eV laser excitation. The use of
helium gas compared to argon shows a dramatic shift in relative Raman intensity towards a smaller
diameter distribution, consistent with previous work using a Nd:YAG laser
system.41
The calculated
diameter range depends on the environmental effects during analysis, but for bundled
SWNTs,44
the
diameter range is calculated to be 1.25 0.15 nm for argon and 1.15 0.15 for helium.
In addition to the type of carrier gas, there is a less pronounced, but similar effect with pressure in
Figure 2. The higher pressure for both gas types shifts the relative Raman intensity to a smaller
diameter distribution. A pressure effect (higher pressure produces smaller diameters) is well known for
the HiPco
synthesis,9
but such an effect for pulse laser vaporization has not been well
established.8,
39
Our results show that both argon and helium gas exhibit a similar trend in regards to the effect of
pressure on the SWNT diameter distribution. In contrast, a previous study claimed a decrease (increase)
in SWNT diameter under argon (helium)
conditions,8
while others have reported that no significant
diameter changes are present in inert gases, even up to 1500 torr
conditions.39
Carrier gas flow rates
5
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may cause a similar effect on the SWNT diameter
distribution,19, 38
but our experiments were selected at
a constant low flow regime to specifically probe gas pressure effects. Thus, while gas type differences
are clearly apparent during laser vaporization synthesis, precise gas pressure effects are somewhat
difficult to resolve with Raman spectroscopy alone. A complementary technique like fluorescence
spectroscopy can provide more lucid information by
"mapping"
the SWNT chiral distributions.
The fluorescence maps for each of the raw SWNT soots are shown in Figure 3. The pronounced
emission peaks from specific SWNT chiralities at their respective sEn transition energy is distinctly
observed. The intensity of the peaks are normalized to the maximum peak intensity for each map and
scaled for clarity. The SWNT (n, m) chirality assignments are shown in Figure 4a for comparison with
the fluorescence maps and are based on the previous
reports.45,
46
As seen in Figure 4b, the fluorescence
map (from Figure 3a) overlaid with proper assignments ascribes a three-dimensional SWNT chirality
distribution, specifically for (n, m) SWNTs with the same sEn transition energy. As a point of
comparison, Figure 5 illustrates the overlap of multiple chirality transitions convolved in an optical
absorption spectrum (shown here for the helium - 700 torr raw soot) which can be resolved during
fluorescence mapping. The reported chiralities, diameters, and measured peak positions in SDBS-D2O
for each SWNT over the spectral range are provided in Table 1. We have also listed previous
fluorescence measurements on helium-950 torr raw soot using 1% w/w sodium dodecylsulfate (SDS) in
D2O and compared those peak values with the
literature.46
The results between surfactants show that
the excitation values are within experimental error while several smaller diameter chiralities were only
observed when using the SDBS dispersions. Certain chiralities, however, exhibit a slight redshift in
peak emission for SDBS dispersions compared to SDS (e.g. (9, 8), (11, 4), (10, 5), etc.). These
behaviors are consistent with other recent studies comparing surfactant
dispersions.37,47
The general trend observed in Figure 3 is that the raw SWNT soots produced in argon predominate
near the armchair axis (large chiral angles). In the case of helium, a broader chiral distribution is
observed. The use of higher pressure for both gas types promotes higher fluorescence intensities from
type II (2n+m, mod 3
=
2)48
structures. However, to correlate these intensities to SWNT concentration,
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knowledge of the fluorescence emission efficiency for each (n, m) chirality is necessary. While this has




Calculations show that type I (2n+m, mod 3=1)
structures have a higher fluorescence emission efficiency than type
II.49
In the context of our results,
this implies that the higher observed intensities for type II chiralities would translate into an even higher
propensity for formation (i.e. higher SWNT concentrations).




so the possibility for a (13, 0) SWNT to be present in the raw soots was investigated. The results from
peak deconvolution show that there is a minor contribution to the peak at an excitation of 675 nm and
emission of 1375 nm for the helium synthesis at 950 torr which could be attributed to this chirality.
However, the fluorescence intensity was convolved with and dominated by the (12, 2) emission. The
absence of lower chiral angles in raw SWNT soots, particularly zigzag species in fluorescence maps, is
either due to low emission intensity or a lack of formation. The recent theoretical work on fluorescence
emission efficiency cites the potential effects of relaxation rates as the cause of decreased efficiency in
certain low chiral angle
species.49
However, the (13, 0) SWNT is calculated to have nearly equivalent
emission efficiency to the (12,
2),4
so the lack of observed fluorescence intensity would indicate a low
probability of formation for this chirality. The SWNT formation probability has been suggested to be
related to the energetic stability of SWNT caps, with lower chiral angle caps in small diameters
exhibiting the lowest
stability.49
The formation of lower chiral angles in pulsed laser vaporization
synthesis may be further influenced by the metal-carbon nucleation process which promotes selective
cap growth based on the liquid-solid condensation conditions.
The variation in SWNT chirality distributions from differing synthesis conditions can be better
monitored using a chiral index plot which illustrates the relationship between diameter and chirality for
specific SWNT families (where 2n+m = f, the family
number4' 49). Figure 6 depicts the reference chiral
index plot for the possible SWNT chiralities in the present fluorescence spectral region. The chiral
index plots for each of the raw SWNT soots are compared in Figure 7. The data point sizes for
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predominant chiralities (> 5% contribution to the total emission intensity) are scaled using the
normalized fluorescence intensity to the (10, 6) SWNT, which was observed in each synthesis product.
The prevalence for type II SWNT emission in each of raw soots is apparent in the Figure 7 plots since
families 23 and 26 constitute the majority of SWNT chiralities observed. The theoretical calculations
show that families 22 and 25 should generally have more than double the fluorescence emission
efficiency offamilies 23 and
26.49
Thus, the concentrations of type II SWNT structures are even higher,
and are apparently more favored when using helium and higher pressure. Any mechanistic effects on
preferential diameter formation are not expected to explain the observed difference since the intensity is
higher in each case for the (10, 6) SWNT compared to (9, 7), with nearly identical diameters (<0. 1 A).
The fluorescence maps show consistent results with the optical absorption and Raman spectroscopy
data in terms of gas effects on SWNT diameter. In general, the use of helium and/or higher pressure
shifts the diameter distribution to lower values. Although the fluorescence emission intensity needs to
be considered, the families of type II SWNT structures were calculated to have relatively constant
emission efficiencies across the differing chiralities (e.g. family 26 is ~0.2 and family 23 is
Evaluation of the changes in family 26 intensity shows that the average diameter shifts from 1.11 nm in
the argon-700 torr raw soot to 1.10 nm in the argon-950 torr raw soot (from 1.09 nm in the helium-700
torr raw soot to 1.08 nm in the helium-950 torr sample). Similarly, the average chiral angle
progressively changes from
20
in argon-700 torr raw soot to
17
in helium-950 torr raw soot
(approaching the average value of
14
for semiconducting SWNTs with a diameter < 2nm). While these
changes reflect the differences over a given family, another approach is to compare the relative intensity
between type II families at equivalent chiral angles. The average diameter change for a fixed chiral
angle, assuming
-28
for the (9, 8) and (8, 7) chiralities (and correcting for fluorescence emission
efficiency49), is from 1.12 nm in argon-700 torr to 1.08 nm in helium-950 torr.
In all cases, the spectroscopic results show that higher pressure and use of helium gas over argon
produces smaller diameters and shifts the SWNT chiral angle distribution to lower values. Thus, the
present study provides strong evidence that an inverse relationship between gas pressure and SWNT
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have been shown to
produce smaller diameters distributions, these factors are not believed to contribute in the present study
since all synthesis variables were constant between reactions except for gas type and pressure.
Therefore, the gas dynamics are seen to have a dramatic influence on the formation mechanism which
promotes specific chiral distributions to be synthesized in pulsed laser vaporization raw soot.
Previous studies on plume diagnostics have suggested that the cooling mechanism for the plume
vapor relies on conduction with the carrier
gas.28"30
The fact that helium has a thermal conductivity
nearly 8 times that of
argon,17
coupled with the effects of pressure on heat transfer, imply that the
reaction cooling rate (thermal decay) has influenced the resulting chiral distributions. Although prior
work has shown where cooling rates affect SWNT
yield,43, 51, 52
those results are based on the
availability of carbon feedstock to continue growth. In the present case we are proposing that the
cooling rate influences the nucleation process which would affect the crystal structure of the metal
catalysts (e.g. the particle and/or grain sizes, planar facets, lattice parameter, etc.). This assertion is
consistent with recent studies involving molecular dynamics calculations that indicate a metal
nanoparticle's crystal structure is extremely dependent on the cooling rates during
crystallization.53"55
The preferential metal catalyst structure upon condensation would favor nucleation for particular (n, m)
SWNT caps. The implication of this conclusion is that knowledge of the appropriate metal catalyst
crystal parameters will enable selective SWNT chirality growth.
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Figure 1. Optical absorption spectra for raw
SWNT soots in 1% w/w SDBD-D20. Spectra
are offset for clarity.
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Figure 3. Fluorescence maps for raw laser SWNT soots at (a) 950 torr and helium gas; (b) 700 torr and
helium gas; (c) 950 ton and argon gas; and (d) 700 torr and argon gas.
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Figure 4. Reference fluorescence graph depicting the transitions energies for (n, m) SWNT chirality
assignments over themeasured spectral range (data values from reference 46).
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Figure 5. Vertical overlay ofthe optical
absorption spectra and fluorescence map for
the He- 700 torr raw soot. The (n, m) SWNT
chirality assignments are identified to
demonstrate the absorption spectra overlap.
17
99
APPENDIX C: Effects ofCarrier Gas Dynamics on Single Wall Carbon Nanotube
Chiral Distributions during Laser Vaporization Synthesis (submitted for publication)
Table 1. Structural properties and fluorescence peak positions for (n, m) SWNTs observable over the
spectral range.
chirality
diameter'1 ^ ^DBS SDS excitation SDBS SDS emission
, . . . angle excitation emission
(rynj W
(D) (3nrn) (nm)(i3nm) (3nm) (nm)(3nm)
ref46 ref46
(10,2) 0.884 8.95 737 1053
(7,6) 0.895 27.46 648 648 1125 1120
(9,4) 0.916 17.48 718 722 1110 1101
(1L1) 0.916 4.31 610 1265
(10,3) 0.936 12.73 633 632 1260 1249
(8,6) 0.966 25.28 715 712 718 1178 1175 1173
(9,5) 0.976 20.63 673 673 672 1253 1250 1241
(12,1) 0.995 3.96 797 794 799 1178 1178 1170
(11,3) 1.014 11.74 794 791 793 1205 1200 1197
(8,7) 1.032 27.80 730 730 728 1273 1268 1265
(13,0) 1.032 0.00 673 676 677 1387 1385 1384
(12,2) 1.041 7.59 685 685 686 1383 1378 1378
(10,5) 1.050 19.11 788 788 788 1258 1255 1249
(11,4) 1.068 14.92 715 712 712 1380 1375 1371
(9,7) 1.103 25.87 791 791 793 1330 1325 1322
(10,6) 1.111 21.79 764 764 754 1388 1378 1377
(9,8) 1.170 28.05 809 809 809 1420 1415
1410
aref46
The values from the present study are in bold.
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Figure 6. Chiral index plot depicting the relationship between diameter and chiral angle for each
observable (n, m) SWNT chirality in the spectral range.
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Figure 7. Chiral index plots for each raw laser SWNT soot, with data points normalized in relation to
the intensity ofthe (10, 6) SWNT.
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Stable dispersions of both as-produced (raw soot) and purified laser-generated single-wall carbon nanotubes
(SWNTs) have been demonstrated with several alkyl amide solvents. Optical absorption analysis over a range
of concentrations has been utilized to estimate the dispersion limits for as-produced SWNTs in NJf-
dimethylformamide (DMF), ATJV-dimethylacetamide (DMA), A^V-diethylacetamide (DEA), and TvW-dimeth-
ylpropanamide (DMP). In addition, extinction coefficients have been calculated using Beer's law for each
solvent at energies of 1.27 and 1.77 eV, corresponding to the electronic transitions of semiconducting and
metallic SWNTs, respectively. The results imply that high polarizability and optimal geometries (appropriate
bond lengths and bond angles) may account for the favorable interaction between SWNTs and the alkyl
amide solvents. The successful dispersion of purified SWNTs inDMA has enabled extinction coefficients of
43.4 and 39.0 mL-mg_1-cm_1 to be calculated at the selected energies, respectively. The magnitude of the
dispersion limit and extinction coefficient values has been shown to be strongly dependent on the SWNT
sample purity. These findings offer the potential for solution-phase analysis of SWNTs directed at purity
assessment and electrophoretic separations in a simple organic solvent.
Introduction
Single-wall carbon nanotubes (SWNTs) have shown tremen
dous potential in a number of applications on the basis of their
unique electronic and structural
properties.1 The opportunity to
exploit these properties depends on the successful characteriza
tion and manipulation of desired materials. In some cases, the
necessity to utilize solution-phase techniques is hindered by the
inability to form stable SWNT dispersions. Many groups have
resorted to hiiictionalizahon strategies,'1'3 including the use of
polymers,4,3 surfactants,6'7
and amines, to assist in dispersing
SWNTs.8-10
However, these techniquesmay disrupt the SWNT
structure, may alter the electronic properties, or may be
problematic for subsequent removal.11 Therefore, the dispersion
of high aspect ratio, raw and purified SWNTs in a suitable
solvent is necessary to enable more accurate solution-phase
analyses.
The most promising attempts at forming stable SWNT
dispersions have been with organic amide solvents such as NJv-
dimethylformamide (DMF) andW-methylpyrrolidone
(NMP),11Ji
and with 1 ,2-dichlorobenzenef r oth HiPco and laser-generated
SWNTs.13
Calculation of the extinction coefficient at 2.48 eV
('500 nm) for as-produced HiPco SWNTs in 1,2-dichlorobenzene
was reported to be 28.6
mL-mg^-cm-1." This is higher than
the recently reported value of
9.7
mL-mg^-cm"1 for arc-
discharge-functionalized SWNTs in CS2 at the same
energy.14
These results imply that variations exist for the extraction
properties of SWNT materials, potentially occurring from
differences in diameter distributions, purity, and/or solvent
effects. Dispersion of SWNTs in the organic amide solvents
has been attributed to the availability of a free electron pair
and high solvatochromic parameter, n*. although these
char-
* Towhom correspondence should be addressed. E-mail: rprsps@rit.edu.
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acteristics are not sufficient, since they are also present in
dimethyl sulfoxide (DMSO), which is inefficient at dispersing
SWNTs.11
Further work aimed at investigating the
SWNT-
solvent interaction may lead to improved dispersion limits and
aid in the understanding ofthe extinction properties of SWNTs.
In this paper, we investigate the dispersion properties ofboth
as-produced (raw soot) and purified laser-generated SWNTs
with several alkyl amide solvents, namely, ATA'-dimethylaceta-
mide (DMA), AyV-dimethylpropanamide (DMP), and NN-
diethylacetarnide (DEA). An improvement in the dispersion limit
was observed for each of these in comparison with DMF and
NMP. A mechanism is proposed to explain the interaction
between the alkyl amide solvents and SWNTs on the basis of
steric and electronic properties. These results demonstrate the
ability to achieve well-resolved optical absorption spectra for
SWNT characterization, with corresponding higher extinction
coefficients for purified materials. Additionally, the potential
exists for future improvements in applications such as electro
phoretic separations, scattering studies, and organic reaction
chemistry using SWNT-DMA dispersions.
Experimental Section
SWNT Synthesis, Characterization, and Purification.
SWNTs were synthesized using the pulse laser vaporization
technique, employing an Alexandrite laser (755
nm).15 The laser
pulse was rastered using GSI Lumonicsmirrors over the surface
of a graphite (1-2 fim) target doped with 2% w/w Ni (sub-
urn) and 2% w/w Co (<2 pirn), at an average power density of
100 W/cm2. The reaction furnace temperature was held at 1150
C, with a chamber pressure of 700 Torr under 100 seem of
flowing Arlg). The raw SWNT soot was collected from the
condensed region on the quartz tube at the rear of the furnace.
Synthesis of a representative nanostructured carbon (NC)
component in the raw soot was performed by laser vaporizanon
at the described conditions for an undoped graphite target. The
10.1021/ip047521j CCC: $27.50 2004 American Chemical Society
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Future 1. Representative SEM images oflaser-generated (a) raw SWNT soot and (b) purified, >95%w/w SWNTs. The TGA overlay in (c) shows
the thermal decomposition profile of (a) and (b) in air at a ramp rate of 5 "C/min.
NC material was devoid ofSWNTs detectable by SEM, Raman,
or optical absorption spectroscopies.
Analysis of SWNTs was performed by scanning electron
microscopy (SEM), Raman spectroscopy, and thermogravimetric
analysis (TGA ). SEM was conducted using aHitachi S-900,
with samples applied directly to the brass stub using silver paint.
The instrument was operated at an accelerating voltage of 2
kV, and magnifications ranged from 5000x to 250000x. Raman
spectroscopy was performed at room temperature using a
JY-
Horiba Labram spectrophotometer with excitation energies of
1.96 and 2.54 eV. These energies have been shown to probe
the metallic and semiconducting laser-generated SWNTs,
respectively, over the range of diameters used in this
study.16
Sample spectra were obtained from 50 to 2800 cm-1 using an
incident beam attenuation filter to eliminate localized heating
and subsequent sample decomposition. TGA was conducted
using a TA Instruments 2950. Samples were placed in the
platinum pan balance in quantities of ~1 mg and ramped at 5
C/min from room temperature up to 950 C under air at agas
flow rate of60 seem and N^g) balance purge at a gas flow rate
of 40 seem.
Purification of raw SWNT soot was performed using a
modification of a previously reported
procedure.17
Approxi
mately 50 mg of raw SWNT soot was brought to reflux at 125
C in 3 M nitric acid for 16 h, and then filtered over a 1 jtm
PTFEmembrane filterwith copious amounts ofwater. The filter
paper was rinsed consecutively with acetone, ethanol, 2.5 M
NaOH, and H2O until the filtrate became colorless after each
step. The membrane filter was dried at 70 C in vacuo to release
the resulting SWNT paper from the filter paper. The SWNT
paper was thermally oxidized in air at 550 C for 1 min in a
Thermolyne 1300 furnace. Finally, a 6M hydrochloric acid wash
for 60 min using magnetic stirring, with similar filtering steps
and thermal oxidation al 550 C for 20 min, completed the
purification. SEM and TGA analyses were conducted during
me purification process to ensure that the quality of the
purification was at least 95% w/w SWNTs. In some cases, we
have employed a postpurification annealing step at 1100 C
under flowing Ar(gj, which is expected to remove structural
defects and surface
functionalization.18
SWNT-SolventDispersion Preparation. Stable dispersions
ofSWNTs in the evaluated solventswere achieved using a
three-
step process. Initially, stock solutions of 0.100mg of
SWNTs/
mL of solvent were prepared and ultrasonicated (38.5-40.5
kHz) for 30 min at 40 C. Serial dilutions with pure solvent
were made to achieve the desired concentrations of 12.5, 6.25,
3.13, 1.56, 0.781, and 0.391 //g/mL. The ultrasonication step
was performed prior to transferring each aliquot to the subse
quent dilution. Next, each concentration was centrifuged at 5000
rpm for 10 min to remove any nondispersed material. The
supernatant was decanted and analyzed using optical absorption
spectroscopy.
Optical Absorption Spectroscopy.UVvisnear-IR spectra
were obtained using a Perkin-Elmer Lambda 900 spectropho
tometer. Sample handling for dispersion solutions involved the
use of 1 cm quartz cuvettes, while dry SWNT samples were air
sprayed from a 0.1 mg/mL acetone solution onto 1 in.2 quartz
slides. The instrument scanned over awavelength range of300
1600 nm at a data interval of 1 nm. In the near-IR range, the
instrument scan speedwas 375 nm/min, with an integration time
of 0.16 s, a 1.0 nm slit, and the gain set at 1. For the
UV
vis
region, the scan speed was 375 nm/min, with an integration
time of 0.12 s, a 4.0 nm slit, and the gain set at 1.
It is well established that the diameter and electronic type of
SWNTs are responsible for the unique set of transitions present
in optical absorption spectroscopy. 16The characteristic position
of the absorption peaks conesponds to abrupt changes in the
electronic density of states, or Van Hove singularities. The 2th
pair of discrete electronic transition energies corresponding to
these singularities is approximated by the following:
SME = 2wac_cy0/rfSWNT
where re is an integer, having values of 1, 2, 4, 5, or 7 for
semiconducting (S) SWNTs and n 3 or 6 for metallic (M)
SWNTs in the spectral range of interest," <2c-c is the
carbon-
carbon bond distance with a value of 0. 142 nm, and czswnt is
the SWNT
diameter.20,21
The carboncarbon overlap integral,
yo, for SWNTs has been reported to range from 2.45 to 3.0
eV.22 The electronic transitions probed in this optical absorption
analysis are "22, Mi?n> s^33, s+i, and uEi2, due to the
absorption windows of the alkyl amide solvents.
Results and Discussion
Initially, characterization of the raw and purified SWNT
materials was performed by SEM, TGA, and Raman spectros
copy. Shown in Figure la is a representative SEM image of
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raw SWNT soot, with the distinguishing characteristics of
amorphous carbon and metal catalyst impurities surrounding
the SWNT bundles. Figure lb shows an SEM image of the
sample after the purification process, evident by the removal
of the synthesis impurities. The TGA thermogram (see Figure
lc) indicates two prominent decomposition temperatures for the
raw SWNT soot al 450 and 553 "C, with ametal oxide residue
of 7.5% w/w. These decomposition temperature values are
determined from the peak maxima of the first-derivative plots.
The TGA data for the purified SWNTs show a single decom
position temperature at 677 "C with a metal oxide residue of
3.7% w/w. On the basis of these data and an analysis using
optical absorption spectroscopy,23 we estimate the raw soot to
be ~30%w/w SWNTs and the purified SWNTs to be ofapurity
that is at least 95% w/w. Raman spectroscopy of the laser-
generated SWNTs has shown the presence ofbothmetallic and
semiconducting SWNTs, each within a diameter range of1.2-
1.4 nm, on the basis ofpeak assignments of the radial breathing
mode with the previously established relationship between the
Raman shift and SWNT diameter (see Figure SI in the
Supporting
Information).24'25
The ability to produce SWNT dispersions was first evaluated
using a single batch of raw SWNT sootwith the following alkyl
amide solvents: NMP, DMF, DMA DEA, and DMP. The
stability of these dispersions was assessed after ultrasonication,
centrifugation, and decantation steps. Optical absorption spectra
were obtained for each prepared dispersion concentration to
establish the dispersion limit using Beer's law
plots.2" This
enabled both qualitative analysis of the dispersion limit for each
solvent based on the presence of sediment after centrifugation
and quantitative analysis using the absorbance measurements
for each prepared dispersion concentration. In contrast to the
previous report, NMP was inefficient at dispersing our raw
SWNT soot after these processing steps; therefore, our initial
comparison will only include the latter four amide
solvents."
Shown in Figure 2a is a picture of the SWNTsolvent
dispersions used during analysis, at a prepared concentration
of 6.25 //g/mL. The corresponding optical absorption overlay
for these SWNTsolvent dispersions is represented in Figure
2b. The variation in absorbance intensity can be attributed to
each solvent's ability to disperse the raw SWNT soot. The
largest absorbance and most well resolved spectrum were
exhibited by the SWNT-DMA dispersion. The peaks corre
sponding to the electronic transitions for semiconducting
(^22, s33, and s44) andmetallic t^Eu) SWNTs are highlighted
by the gray
bands.1' For this diameter distribution, the peak
maxima for si?22 and MEu occur at 1.27 and 1.77 eV,
respectively. These selected energies were used to generate
dispersion limit curves from each SWNTsolvent dispersion
series.
The Beer's law plot in Figure 3a shows the absorbance
measurements at 1.27 eV for SWNTsolvent dispersions over
the concentration range examined. The dispersion limit can be
estimated from the plot by generating a smooth curve fit
(Kaleidagraph) and observing the point at which the data deviate
from a linear trendline. The extent ofthe
"knee"
in the inflection
point can be attributed to density variation between solvents,
with DMF having the highest density (0.944 g/mL) and DEA
having the lowest (0.925 g/mL). Therefore, since DMF has the
smallest inflection, a linear trendline was generated from the
four lowest concentrations (dashed line) to better illustrate its
dispersion limit. Additionally, it is observed that the absorbance
values continue to increase after the inflection point, resulting
from the non-SWNT carbonaceousmaterials present in raw soot
J. Phys. Chem. B, Vol. 108, No. 44, 2004 17091
Figure 2. (a) Picture of the prepared 625 g/mL SWNTsolvent
dispersions used to generate the optical absorption data shown in (b).
The colorless sample vial on the left is pureDMA, and the dispersions
are (1) rawSWNTs inDMA, (2) raw SWNTs inDMP, (3) raw SWNTs
in DMF, and (4) raw SWNTs in DEA. The gray bands in (b) depict
the energy transition range for the current SWNT diameter distribution.
The arrows designate the absorption maxima at 1.27 and 1.77 eV,
corresponding to the second semiconducting and firstmetallic electronic
transitions, respectively.
that is dispersed in these solvents. The results for the estimated
dispersion limits of raw SWNT soot in each solvent are
summarized in Table 1, but the general trend is as follows:
DMA > DMP > DEA > DMF. The same trend was observed
for absorbance measurements at 1.77 eV (Figure 3b), indicating
that the dispersions are not type sensitive, but include both
metallic and semiconducting SWNTs. The dispersion limit
values are listed as the last data point, which was consistent
with a linear trendline at R2 0.999. In fact, the dispersion
limit forDMA was a factor of4 higher than that forDMF (i.e.,
6.25 ng/raL compared to 1.56 ^g/mL), an improvement over
previous reports using
DMF.11'12 The dispersion limit curves
from the Beer's law plot were corroborated by the presence of
sediment after centrifugation for the concentrations which
deviated from the linear trendline. SEM analysis of the sediment
showed a morphology which was indistinguishable from the
raw SWNT soot, evident by the presence ofSWNTs, amorphous
carbon, and metal catalyst impurities. The stability of the
SWNT
alkyl amide solvent dispersionswas observed to range
from 12 to 24 h for concentrations near the dispersion limit,
but on the order of days to a week for concentrations in the
linear region of the Beer's law plot The highest stability was
observed forDMA, in good agreement with the dispersion limit
trend.
Previous work using 1,2-dichlorobenzene (DCB) gives a
higher dispersion limit of 95 ,ug/mL for raw HiPco, using a
filtration method for estimating the dispersion
limit.13
A
comparison of the use ofDCB and DMA to disperse rawSWNT
soot with the method used in our current study and the
previously reported filtration methods in ref 13 has been
performed. The same SWNT concentration series used above
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Figure 3. Beer's law plots for each prepared SWNT-solvent dis
persion at (a) 1.27 eV and (b) 1.77 eV. The dispersion limit is estimated
from the smooth curve fit at the last data point before the inflection,
and is designated by the vertical dashed lines. The linear trendline()
generated using the four lowest concentrations for the DMF dispersion
scries is provided to illustrate its dispersion limit. The experimental
error is within the limits of the data points.
TABLE 1: Experimental Results for Dispersion Limit (DC)
Estimations and Extinction Coefficients of Raw SWNTs in
Alkyl Amide Solvents, Including the Reported Dielectric
Constants
A.(raw euz7,v(raw tTi,v(raw
SWNTs) SWNTs) SWNTs) dielectric
solvent (ug/mL) (mL-mg_l'cm-1) (mL'mg-1'cm-1)
constant29
DMF 1.56 23.4 30.0 37.06
DMA 6.25 23.8 31.2 38.30
DEA 3.13 24.2 313 3133
DMP 3.13 26.1 34.7 33.08
was prepared for DCB and DMA through ultrasonication at 40
C. No visual aggregates were observed in either solvent's
solution for the 6.25 ,wg/mL prepared concentration. However,
the presence of nondispersed particles was observed in both
solvents for the 12.5 pig/mL prepared concentration. Unfortu
nately, due to the higher density ofDCB (1.306 g/mL) compared
to DMA (0.937 g/mL), the centrifugation technique was
unsuccessful at removing the nondispersed particles in DCB.
In addition, filtration in the presence ofglass wool was seen to
introduce variability in the absorption spectra of the resulting
dispersions, possibly arising from the glass wool packing density
and SWNT interactions during elution. Shown in Figure 4 is
an overlay of the optical absorption spectra for the stable DCB
and DMA dispersions at 6.25 jg/mL. The differences in





Figure 4. Optical absorption spectra for stable SWNT dispersions at
a prepared concentration of6.25 //g/mL for (1) DMA (black) and (2)
DCB (gray).
notably the index ofrefraction for the individual solvents (r72cbcB
= 1.551 and j^dma = 1.438).
v
Also, ablue shift of 22 meV
was observed for the absorption maximum in the DMA
dispersion compared to the DCB dispersion, indicating a slight
solvatochromic shift based on a difference in the electronic
interactions between SWNTs and these two solvents. DCB and
DMA show similar dispersion limits (A.) of 6.25 < Di < 12.5
//g/mL for our raw SWNT soot, as compared to the previously
reported value of 95 //g/mL. This may be attributed to
differences in the SWNT materials used, as well as the limited
data set in the previous report, which may artificially inflate
the dispersion limit values due to a contribution from non-
SWNT carbon. a Differences in the diameter distribution aver
ages (that for HiPco is 1.0 nm, which is less than that for the
laser, 1.37 nm) are
well-known,10 but physical properties such
as bundling, defect density, and purity are more difficult to
establish. The fact that both DCB and DMA show the ability
to form stable SWNT dispersions indicates that a set of structural
and electronic properties exists for these solvents, which are
capable of interacting favorably with the SWNTs. A recent
report has shown that sonochemical polymerization of DCB
enhances the dispersing ability of this solvent, but that this effect
is not present with DMF solutions.28 Similarly, we have
evaluated DMA before and after ultrasonication and have
observed no change in the infrared spectrum even after an
exposure time of4 h. Therefore, the sonochemical polymeriza
tions previously observed with DCB are not suggested to be
responsible for the stabilization of SWNTs in alkyl amide
solvents.
Evaluation ofthe Beer's lawplots for the absorption maxima
of the raw SWNTalkyl amide solvent dispersions has enabled
the determination of extinction coefficients. The values listed
in Table 1 display ageneral trend for both semiconducting (1.27
eV) and metallic (1.77 eV) transitions, i.e., DMP > DEA &
DMA > DMF. This trend parallels the electron-donating
character of the alkyl groups attached to the carbonyl of the
amide. In addition, when the results for DEA and DMA are
compared, the alkyl group present on the nitrogen shows a
smaller, but consistent, increase in the extinction coefficient.
As is common with alkenes, the substituents on the solvents
will thermodynamically stabilize the double bond character in
the resonance-stabilized amide, which leads to stabilization of
the electronic dipole moment in the solvents, and in turn
influences the interaction with an SWNT. This explanation is
supported by the data, which show a 10-15% increase in the
extinction coefficient for DMP compared to DMF. Such a
106
APPENDIX D: Effects ofAlkyl Amide Solvents on the Dispersion ofSingle-Wall Carbon
Nanotubes {J. Phys. Chem. B 2004, 70S, 17089-17095)
Alkyl Amide Solvent Effects on Dispersion ofSWNTs
TABLE 2: MOPAC AMI Theoretical Calculations for the
Bond Lengths and Bond Angles or Alkyl Amide Solvents3







































Experimental values from gas electron diffraction (GED) studies
are listed in parentheses with appropriate references.
change is significant, since the difference in the index of
refraction for DMP (j/20dmp = 1.440) and DMF (?/20dmf =
1.431) would not account for the absorbance increases. The
apparent solvent interaction appears to increase the probability
of electronic transitions in the SWNTs, resulting in the larger
extinction coefficients, although no apparent solvatochrom ic
shift is observed among the four alkyl amide solvents for
dispersions of raw soot. The importance of electron donor
character toward stabilizing SWNTs in solution has been cited
for
DMF."
However, the current alkyl amide solvents (DMA,
DEA, and DMP) have even greater electron-donating ability,
leading to higher dispersion capability than observed in DMF.
The polarity ofthese solvents, evident by the dielectric constants
(see Table 1), may be an important consideration, since the
resulting electronic interaction is largely influenced by changes
in the van der Waals forces of the SWNTs with the solvent
molecules. However, similar attempts at dispersing SWNTs
using acetonitrile (dielectric constant 36.00) and DMSO (di
electric constant 46.
71)29 have been unsuccessful, indicating that
dispersion capability is not merely a function of polarity. In
addition to the
dipoledipole effects, the interaction between
alkyl amide solvents and SWNTs may result from increased ft
orbital overlap or
"stacking?',30
which is greatest for optimized
solvent geometries. For example, the ft orbital interaction would
be significantly higher for 1,2-dichlorobenzene compared to
alkyl amide solvents, but the reduced polarity (dielectric constant
10.36)2P
may account for the equivalent dispersion performance.
Therefore, in the case of alkyl amide solvents, the presence of
a highly polar ft system in conjunction with appropriate bond
lengths and bond angles should show the highest SWNT
dispersion limit.
To maximize the electronic effects between the alkyl amide
solvents and SWNTs, a complementary set of steric properties
may be necessary. We have performed AMI
theoretical calcula
tions using Chem 3DMOPAC, ageneral-purpose
semiempirical
quantum mechanics package, to determine the geometries
associated with the alkyl amide
solvents.31 Table 2 lists the
calculated bond lengths and bond angles associated with the
amide linkage. In addition, experimental values from gas
electron diffraction (GED) are provided for corroboration of
the theoretical results forDMF
andDMA.32-33 The overall values
show good agreement with the structural characteristics de
scribed previously for
SWNTs.21 The calculated carbon-carbon
bond length in an SWNT is 1.42 A, while the bond angle is
120. These results are suggestive of a potential ft orbital
stacking between the solvent and SWNTs,
which is expected
to be sensitive to these geometries. The alkyl amide solvent
which exhibits the most favorable structural alignment to the
carbon-carbon bonding in an SWNT is DMA. Therefore, we
propose that the highest SWNT dispersion limit observed in
DMA is a result ofthe highly polar ft system, which structurally










Figure 5. (a) Optical absorption spectra of purified SWNT-DMA
dispersions for the series of concentrations used to generate the Beer's
law analysis, (b) Optical absorption spectra comparing the relative
absorbance intensity of (1) purified SWNTs, (2) raw SWNT soot, and
(3) nanostructured carbon in DMA. The spectra, offset for clarity,were
all obtained from a 3.13 /4g/mL concentration. The gray bands in (a)





Figure 6. Optical absorption spectra for (1) purified SWNTs sprayed
on quartz from acetone solution (gray) and (2) purified SWNTs inDMA
(black). Improvement in the peak resolution is distinctly observed for
the DMA dispersion compared to the dry solid.
backbone. Future work aimed at theoretically modeling this type
of interaction, similar to the recent report on DCB, may lend
credence to this
mechanism.34
Following the same protocol which was used with raw soot,
purified SWNTs were dispersed in DMA, and the corresponding
optical absorption spectrawere obtained. Selection ofDMA was
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Figure 7. SEM analysis at amagnification of 50000X for purified SWNTs (a) before and (b) after dispersion inDMA (c) is a high-magnification
linage of (b) at a magnification of 200000x.
TABLE 3: Experimental Results for Dispersion Limit (Dl)
Estimations and Extinction Coefficients of Raw, Purified,




raw 6.25 23.8 31.2
purified 3.13 43.4 39.0
NC 325 15.7 25.2
based upon it having the highest observed dispersion limit for
the raw SWNT soot. Shown in Figure 5a is an overlay of the
spectra used for Beer's law analysis to calculate the estimated
dispersion limit and extinction coefficients. The purified SWNT
dispersion limit was determined to be 3.13 /tg/mL in DMA, on
the basis of the describedmethod The presence ofcarboxylic
acid groups from the nitric acid processing9 on the purified
SWNTs may influence the dispersion in DMA; however,
purified
annealed SWNTs showed similar dispersion limits.
The extinction coefficients for purified SWNTs in DMA were
calculated to be 43.4 and 39.0 mL-mg_1-cm-1 at 1.27 and 1.77
eV, respectively. Summarized in Table 3 are the dispersion limit
and extinction coefficient results comparing the purified SWNTs
with raw SWNT soot and nanostructured carbon. The charac
teristic differences in absorption properties for each of these
carbon-based materials can be observed in the spectral overlay
shown in Figure 5b. The relationship between absorption
intensity and peak resolution for the SWNT transitions can be
directly related to the SWNT mass fraction of a sample. The
calculated extinction coefficients can be used to estimate the
relative SWNT concentration in a laser-generated sample for
the established diameter distribution and semiconducting-to-
metallic ratio. It is important to recognize that the magnitude
of the extinction coefficient is dependent on both the solvent
effects (Table 1) and the SWNT sample purity (Table 3). Other
potential SWNT physical properties that may influence the
extinction coefficients include diameter, length, and bundling
effects. These considerations may account for the variation in
extinction coefficients reported thus far for
SWNTs.13-M
An important advantage ofSWNT-solvent dispersions over
other dispersing strategies is the ability to easily remove the
solvent through evaporation and recover the starting material.
The optical absorption overlay shown in Figure 6 depicts the
differences in purified SWNTs air sprayed from acetone onto a
quartz slide (dry solid) and purified SWNTs dispersed in DMA.
The enhanced resolution ofthe SWNT transitions for theDMA
dispersion may be attributed to a debundling effect, in analogy
with optical absorption spectraof
surfactant-stabilized SWNTs.
This implies that smaller bundles or individual SWNTs are
present in the DMA dispersion.* Additionally, SEM images were
obtained from SWNTs that were forced to aggregate into
bundles from a DMA dispersion by solvent evaporation, prior
to analysis. The results for purified SWNTs before and after
dispersion in DMA indicate the presence of bundles for both
cases, albeit the precipitated SWNTs appear to have a more
straightened,
"relaxed"
structure (Figure 7). Therefore, the
dispersion process appears to suspend the SWNTs without
apparent damage to the underlying structure, although future
analysis of any chemical functionalization is warranted. The
dispersion results described here are not unique to purified laser-
generated SWNTs; similar dispersion behavior in DMA using
purified
HiPco35
has also been demonstrated.
Conclusion
The capability for a series ofalkyl amide solvents to disperse
as-produced raw and purified SWNTs has been evaluated
Characterization using optical absorption spectroscopy has
enabled calculation of the dispersion limit and extinction
coefficients for the laser-generated semiconducting andmetallic
SWNTs. The highly polar ft system and optimal geometries of
the alkyl amide solvents are proposed to be the factors
responsible for the dispersion of SWNTs. The best dispersion
of the solvents studiedwas in DMA, which also corresponded
to the best combination of steric and electronic factors. These
SWNT-DMA dispersions proved to be stable for days to even
weeks. The optical absorption spectra generated from these
dispersions showed well-resolved fine structure, presumably due
to debundling. Production of stable SWNT dispersions without
the use of any external agent (i.e., surfactant, polymer, amine.
etc.) emerges as a powerful strategy toward probing the
properties of SWNTs. Specifically, the extinction coefficients
forpurified SWNTs can be used to monitor the relative SWNT
mass fraction during the purification process. Ultimately, the
use of
SWNT
solvent dispersions in electrophoretic separations
may lead to phase-pure SWNTs on the basis of diameter and
type-
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Figure SI. Shown is the Raman spectrum of the radial breathing mode (RBM) for
laser-
generated SWNTs, which is used to calculate the
diameter distribution. The use of two incident
laser energies allows for the determination of SWNT type,
i.e. semiconducting vs. metallic. For
this diameter range, the 1.96 eV laser
probes predominantly metallic SWNTs and the 2.54 eV
laser resonantly enhances the semiconducting
types. The data corresponds to SWNT diameters
for both metallic and semiconducting types of
-1.2-1.4 nm based on the following relation
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A demand currently exists for a method of assessing the purity of single-wall carbon nanotubes (SWNTs),
which will allow for meaningful material comparisons. An establishedmetric and protocol will enable accurate
and reproducible purity claims to be substantiated. In the present work, the ability to accurately quantify the
mass fraction of SWNTs in the carbonaceous portion of a given sample is demonstrated, using optical absorption
spectroscopy on both laser and arc discharge-generated SWNT-.V^V-dimethylacetamide (DMA) dispersions.
Verification of purity assessment protocols is based upon constructed sample sets comprising designedmass
fractions ofpurified SWNTs and representative carbonaceous synthesis byproducts. Application of a previously
reported method (ltkis et al. Nano Lett. 2003, 5, 309) based on a ratio of the areal absorbance from linear
subtractions of the second interband electronic transitions of semiconducting SWNTs Q^ri) has shown a
severe overestimation of SWNT purity (average error >24%). Instead, the development of a nonlinear
Tt-plasmon model, which considers overlap of electronic transitions and peak broadening, has dramatically
improved the purity assessment accuracy (average error <7%), derived from a strong correlation to the
constructed sample sets. This approach has enabled corroboration of rapid assessment procedures, such as
absorbance peak maxima ratio and Beer's law analysis, directed at purification monitoring and synthesis
sample screening. Specifically, a simple protocol for purity assessment of laser and arc-discharge SWNTs
has been established that can be extended to other synthetic types (i.e. CVD, HiPco, etc.) and diameter
distributions.
Introduction
The unique electrical, optical, and mechanical properties
inherent to single-wall carbon nanotubes (SWNTs) have gar
nered tremendous interest in basic science and applied
research.1-3
Although a variety of experimental methods can be employed
in the fabrication of SWNTs (i.e. arc-discharge, chemical vapor
deposition, and pulsed laser vaporization), each technique
produces SWNTs with differing diameter, chirality distributions,
and various amounts of synthesis
byproducts.2 In general, the
byproducts are the principal component of the as-produced
materials or raw SWNT
"soot"
Byproducts such as graphitic
and amorphous carbon phases, metal catalysts, fidlerenes, and
carbonaceous coatings on the SWNTs may not only dominate
the physical characteristics of the raw soot, but they also pose
significant challenges in any subsequent
purification'1-10 Further
development ofSWNT-based applications is expected to require
material standardization, specifically with respect to
electronic
type and degree of purity. Censequenfly, there is a need to
develop a method whereby the types, amount,
andmorphology
of SWNT-containing materials can be accurately
and precisely
quantified.11
Several different qualitative and semiquantitative techniques
have been used thus far to characterize the physical properties
ofSWNT-containing














tempts have been made to extract information regarding the
""purity"
of a sample based on these measurements. However,
disparate results and definitions ofwhat constitutes purity have
appeared in the literature, with some reports citing SWNT
volume percent from microscopy
measurements,12'1'1
while
others state relative weight percent derived from the decomposi
tion residue of
TGA.6
The implication is thatmany groups have
used such techniques to report high purity levels, with several
accounts greater than 90%
"pure"
without reference to adequate
standardization.6'7'13'15-17
Therefore, it is essential that a precise
definition be established for bothmeasurement and terminology
as to what
"purity"
means in regard to SWNTs. Ultimately, the
definition of purity is application-specific where some may
require single chirality (n, m) SWNTs, while others desire
electronic type-pure (semiconducting or metallic). The most
basic definition and the focus of this paper is to describe
"purity"
as the total mass fraction (w'swnts) of SWNTs contained in a
sample.
Purity assessment of SWNTs should rely on techniqueswhich
analyze a representative portion ofthe SWNT-containing sample
and measure quantities which are specific to the components
of interest. In addition, a reference standard is necessary to
validate the techniques and ensure assessment reproducibility.
Although verification of the metal catalyst impurity levels has
been shown with TGA and energy-dispersive X-ray analysis
(EDX), a precise determination of the relative quantities of
carbonaceous constituents has not been unambiguously
2005 American Chemical Society
Web 04/21/2005
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demonstrated.''""7-9-ls
Microscopy approaches such as TEM and
SEM are also insufficient due to the extremely limiting sample
sizes (estimated to be 10-12g SWNTs per image at 20000x).19
Using Raman spectroscopy, it has been proposed that a relation
between the tangential mode shift and laser power density can
be used as a means to quantify the relative SWNT fraction in
a carbon-containing
sample.14-20
Other work has suggested that
a correlation exists between the ratio of the peak intensities for
the D- and G-Bands and the purity of a SWNT-containing
sample.12'21-24
However, the effects of non-SWNT carbon on
the resonance Raman data for a given sample can significantly
affect the D:G ratio, as demonstrated for mixtures of SWNTs
with mulb'walled carbon nanotubes (MWNTs).23 Additionally,
it is well established that the resonant Raman process is a
powerful technique for determining individual diameters and
electronic types, but is also very specific to the incident laser
energy.25
Therefore, the applicability of Raman spectroscopy
for the bulk analysis of a sample is not straightforward. Such
an analysis would require the convolution ofmultiple measure
ments over the necessary range of excitation energies to
resonantly enhance the entire diameter and electronic type
distribution in a given sample. In contrast, optical absorption
spectroscopy can probe the entire SWNT sample in a single
measurement, indicating the presence of each diameter and
electronic
type.26 These properties manifest as distinct spectral
features unique to the electronic transitions corresponding to
Van Hove singularities for each
SWNT.27
The use of stable SWNTorganic solvent dispersions in
optical absorption spectroscopy allows for a quantitative solu




Selection of an appropriate
organic solvent permits homogeneous sampling without chemi
cal functionalization and simple sample recovery. A recent report
on this approach to purity assessment has proposed that the
degree of SWNTs present in a sample can be directly related
to the absorbance of the interband electronic transitions corre
sponding to the semiconducting peak at the energy of the 2nd
Van Hove singularity (^E^)
19
Although any of the prominent
peaks are stated as being applicable, selection of the SE22 peak
has been proposed in ref 19 based on the mitigation of chemical
doping effects which can be observed for the SEU peak. The
purity assessment was performed by comparing raw electric arc
discharge (EA) SWNT samples against a "high
purity"
reference
sample in A^-dimethylformamide (DMF) solvent dispersions
at 10 ^g/mL. Calculation of the reference sample's ratio ofareal
absorbance for the linearly subtracted region [AA(SE22)] and
total areal absorbance [AA(T)] of the SE22 peak over selected
spectral cutoffs is proposed as the calibration standard. A
comparison of the raw EA
SWNTs'
areal absorbance to the
reference ratio is then used to assess purity, with a reported
reliability of this method for raw EA
SWNTs to be within 3%.
Unfortunately, this approach uses a nonphysically based linear
subtraction at the peak minima to approximate the relative
electronic transitions of the SWNTs, and the underlying
absorption from the
jr-plasmon.19-29-33
(Also, the analysis only
evaluates the SE22 peak, thereby excluding higher energymetallic
SWNT transitions whichmay influence the results.) Otherwork
using optical absorption spectroscopy
has investigated the
spectral features from
~15 eV for aqueous surfactant suspen
sions and employed a nonphysically based parabolic curve fit
as the background subtraction from an iterative selection of the
minima between SWNT peaks for points at -450, 610, and
820
nm.34 The calculation for SWNT abundance involves
integration of the peak area under theMEn peak after parabolic
J. Phys. Chem. B, Vol. 109, No. 20, 2005 9953
subtraction for a reference sample, enabling a relative compari
son for other samples. This type of approach arbitrarily forces
the minima to an artificial baseline, discounting the possibility
for differences in overlap of electronic transitions between
peaks.34
However, the shortcomings of these specific approaches
aside, there is the larger issue surrounding purity assessment in
general, which is the lack of any calibration standard to verify
the accuracy of a given approach.
In the current study, SWNTs produced by the pulsed laser
vaporization process and commercially available arc-discharge
(Carbon Solutions, Inc.) were analyzed by using solvent
dispersions inA^V-dimethylacetamide (DMA). The results from
UV-vis-NIR spectroscopy of SWNT-DMA dispersions, at
concentrations below the dispersion limit, have shown highly
resolved spectra,
28
which can enable the subsequent deconvo-
lution of the peaks corresponding to both the semiconducting
and metallic types. Identification of an appropriate nonlinear
model for the jr-plasmon absorption has allowed for a physically
based background subtraction over the entire range of SWNT
electronic transitions in the solvent transmission window. This
nonlinear model has been applied to estimating the SWNT
weight fraction of carbonaceous material ("m'swnts) for con
structed sample sets comprising designed mass fractions of
purified laser-SWNTs and nanostructured carbon, as well as
purified arc-SWNTs and carbon soot (Aldrich) to validate the
methodology. In addition, the analysis of these sample sets with
regard to experimental extinction coefficients, absorption in
tensity, and peak tie fine slopes show promise as rapid
assessment protocols. Application of both nonlinear and rapid
purity assessment methods to raw laser and raw arc-SWNT soot
was also investigated. An extension of this analysis can lead to
SWNT electronic type ratio and quantitative information on
individual diameter concentrations for a given SWNT sample
Overall, this approach is expected to establish an accurate
comparison of experimental results, provide the ability for
optimization of synthesis and
purification,29-31
and ultimately
initiate the realization of standardized levels of purity.
Experimental Section
Synthesis and Purification. Single-wall carbon nanotubes
were syntiiesized using the pulsed laser vaporization technique
(L-SWNTs), employing an Alexandrite laser (755 nm). The laser
pulse was rastered (comer to corner over 1 cm2 with 50%
overlap of 100 ^s pulses at a repetition rate of 10 Hz) over the
surface of a graphite (12 fan) target doped with 2% w/w Ni
(submicron) and 2% w/w Co (<2 fim), at an average power
density of 100 W/cm2. The reaction furnace temperature was
maintained at 1 1 50 C, with a chamber pressure of 700 Torr
under 100
cm2
flowing Ar in a 46 mm inner diameter (50 mm
outer diameter) quartz
tube.28 Synthesis of a representative
nanostructured carbon (NC) component in the raw L-SWNT
soot was performed by laser vaporization at the described
conditions for an undoped grapliite target. For comparison of
material properties and purity assessment protocols from com
mercial sources, a batch of arc-discharge SWNTs (A-SWNTs)
was purchased from Carbon Solutions, Incorporated.35 The
corresponding non-SWNT carbon representative of the arc-
discharge process was used in the form of carbon soot (CS),
made from the resistive heating of graphite rods, and purchased
from Aldrich.
Purification of both L- and A-SWNT raw soots was per
forated based on a previously reported
procedure.28
In summary,
50-100 mg of each raw SWNT soot was brought to reflux at
120 C in 3M nitric acid for 16 h, and then filtered over a 1
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/<m PTFE membrane filterwith copious amounts ofwater. The
membrane filters were dried at 70 C in vacuo to release the
resulting SWNT papers from the filter paper. The L-SWNT
paper-
was thermally oxidized in air at 450 C for 1 h in a
Thermolyne 1300 furnace, followed by a 6 M hydrochloric acid
wash for 30 min, using magnetic stirring, equivalent filtering
steps, and a final oxidation step at 550 C for 1 h. In the case
of the A-SWNTs, a sequential series of thermal oxidations at
450. 525, and 600C occurred for 1 h each, with intervening 6
M HC1 acid wash and filtering steps being performed. The
typical purification yield for the laser raw soot was 10% w/w
and the arc raw soot was 2% w/w; however, concern for the
quality of purified material was a larger consideration than
optimization of this purification process.
Material Characterization. Characterization of the SWNTs,
NC, and CS was performed by scanning electron microscopy
(SEM), Raman spectroscopy, and thermogravimetric analysis
(TGA). The SEM was performed at 2 kV using a Hitachi S-900,
with samples applied directly to the brass stub with use of silver
paint. Raman spectroscopywas performed at room temperature,
using a lY-Horiba Labram spectrophotometer from 100 to 2800
cm-1
with excitation energies of 1 .96(He/Ne) and 2.54 eV (Ar).
These energies have been shown to probe both themetallic and
semiconducting SWNTs, respectively, over the range of diam
eters for L- and A-SWNTs used in this study.25 Thermogravi
metric analysis (TGA) was conducted with a TA Instruments
2950. Samples were placed in the platinum pan balance in
quantities of ~1 mg and ramped at 10 cC/min from room
temperature up to 950 "C under air at a gas flow rate of 60
seem.
Optical Absorption and Constructed Sample Sets.
UV-
visNIR spectrawere obtained on stable dispersions of SWNTs,
NC, and CS in A/^V-dimethylacetamide (DMA) and an air
sprayed sample on a quartz slide from a 0.1 mg/mL
SWNT
acetone solution, using a Perkin-Elmer Lambda 900
spectro
photometer.28 Sample handling for dispersion solutions involved
die use of 1 cm quartz cuvettes. Data were obtained over an
energy range of 0.90-4.25 eV, corresponding
to the transmis
sion window of the alkyl amide solvent. Given the fact that the
spectrophotometer is only measuring optical
transmittance
during these measurements, the possibility exists that scattering
in the dispersions will affect the absorption data. Although the




previous reports indicate that scat
tering on SWNT dispersions is
negligible al concentrations of
10 /tg/mL in
DMF19
and 20 //g/mL in aqueous surfactant
dispersions.36
Therefore, the dispersion concentration employed
presently of 2.5 //g/mL
should exhibit even less spectral
distortion due to scattering than those
reported. The constructed
laser sample set was prepared from a volumetric mixture of a
2.5 /.g/mL stock solution of purified L-SWNTs in DMA with
a 2.5 //g/mL stock solution of NC-DMA in 20%
increments
(i.e. concentrations of 0%, 20%, 40%, 60%, 80%, and 100%
w/w SWNTs). The same procedure was also
employed for
preparation of the constructed arc sample set with
volumetric
mixing of a 2.5
//g/mL purifiedA-SWNT-DMA dispersion with
a 2.5 Mg/mL stock solution of
CS-DMA. The raw L- and
A-SWNT soots were also analyzed from 2.5 //g/mL DMA
dispersions. Each of these concentrations reflects the mass
of
carbon containing
material calculated from the TGA data,
adjusting for tire
relative mass ofmetal oxides (assuming Ni/
Co metal in laser raw soot is 72% and
Ni/Y metal in arc raw
soot is 75% of the residual oxide value for
50:50 metal catalyst
mixtures) as
determined by the decomposition residue.
Fullerene Extraction. Evaluation of the Cm fullerene content
in the carbonaceous samples was performed by a toluene
extraction and analysis by optica] absorption spectroscopy based
on the reported extinction coefficient (e = 54 200
M-1 cm"'
at
336 nm for Qm in
toluene).37 The carbonaceous samples were
prepared at concentrations of~0.25 mg/mL in toluene (an order
of magnitudebelow the solubility limit ofCeo in toluene of 2.8
mg/mL38) and placed in an ultrasonic bath for 20 min at 25 C.
After centrifugation for 10 min at 5000 rpm, the supernatant
was analyzed to determine the soluble fullerene content in
toluene.
Results and Discussion
The accuracy of purity assessment methods can be validated
by appropriate characterization with a reference SWNT sample
set. As stated previously, the opportunity to acquire a 100%
w/w pure SWNT sample is currentiy not
available,19
thereby
necessitating an alternative reference. In the present case, a
reference sample set has been constructedwhere various SWNT
mass fractions are achieved through the mixtures of purified
SWNTs and representative carbonaceous byproducts. Purified
laser (L-) and arc (A-) SWNTs were prepared by standard
purification treatment and shown to possess a high degree of
purity and material quality based on conventional microscopy
and spectroscopy. The absolute degree ofpurity of the purified
SWNTs is obviously unknown. However, verification of the
assessment method is not dependent on the absolute quality of
the purified SWNTs, but is based on the correlation of purity
estimates with designed fractions in the constructed sample sets.
The purity assessment protocols will remain valid even with
other reference samples of potentially higher
purity.19
Material Characterization and Constructed Sample Sets.
Initially, microscopic and spectroscopic characterization was
performed on the raw SWNTs, purified SWNTs, and represen
tative carbonaceous synthesis impurities (i.e., nanostructured
carbon (NC) for laser synthesis and carbon soot (CS) for
arc-
discharge synthesis) to identify corresponding sample morphol
ogies and physical properties. Shown in Figure 1 are the SEM
images of (a) raw L-SWNTs, (b) raw A-SWNTs, (c) purified
L-SWNTs, (d) purifiedA-SWNTs, (e) NC, and (f) CS. Evident
from Hie raw L-SWNTs are the highly entangled bundles of
SWNTs with the obvious presence of amorphous carbon and
metal catalyst impurities. Similar morphologies are seen with
the rawA-SWNTs, although the observed quantity of SWNTs
is generally lower than in the case of
L-SWNTs. The purified
SWNTs in both cases show highly ordered, well-defined bundles
with trace metal particles present. Analysis of the SEM images
forNC and CS shows nearly identical surface morphologywith
globular particles and the absence of any carbon nanotube
materials. The TGA data (see Figure SI in the Supporting
Information) show significantly highermetal catalyst impurities
in the rawA-SWNTs compared to the raw L-SWNTs (31.9%
w/w vs 10.2% w/w, respectively). The purified
A- and L-
SWNTs show residual impurities of 16.9% w/w and 11.7% w/w,
respectively, and signilicanfly higher carbonaceous decomposi
tion temperatures compared to the raw soots based on the 1st
derivative plots (i.e., 730 and 767 C, respectively). The NC
and CS TGA data show nearly complete carbonaceous decom
position by ~625 "C; however, the presence ofgraphiticmaterial
is apparent in the CS with a minor decomposition transition at
~700 C.
Raman spectroscopy was performed on each of the material
types using a He/Ne 1 .96 eV laser and the spectra are shown in
Figure 2. The pronounced D- (~1300 cm-1) and G-Bands
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figure 1. SEM images for (a) raw L-SWNT soot, (b) raw A-SWNT
soot (Carbon Solutions, Inc.), (c) purified L-SWNTs, (d) purified
A-SWNTs, (e) nanostructured carton (NC), and (f) carbon soot (CS-
Aldrich). The magnifications for a, b, e, and f are 25000x while c and
d are lOOOOOx.
(~1600 cm-1) are evident in the NC and CS samples with a
higher relative intensity around 500
cm-1 for the CS attributed
to increased fullerene content38 This observation was confirmed
by the toluene extraction of soluble C,jo fullerenes where NC
and CS contain 2.6% w/w and 3.6% w/w, respectively. The
absence of a radial breathing mode (RBM) ("-120-200 cm-1)
for both NC and CS samples supports the notion that these
samples lack any SWNTs. In comparison, the typical spectra
for SWNTs is observed in both purified arc and laser with the
prominent RBM peaks,
G- (~1400-1600 cm-1) and G'-Bands
(~2600 cm-i), being distinctly
observed.25
Although the
presence offunctional groupsmay exist from an oxidizing acid
purification
treatment,29
the extremely weak D-Band (~1320
cm-1) in the Raman spectrafor both purified
L- and A-SWNTs
is evidence for a high degree of crystallinity and relatively few
defects related to functionalization in carbon nanotubes.25'3'
Further analysis of the diameter distributions was made with a
complementary Ar laser at 2.54 eV for the purified laser and




Figure 2. Overlay of the Raman spectra for nanostructured carbon
(NC), carbon soot (CS-Aldrich), purified I^SWNTs, and purified
A-SWNTs at an incident laser energy of 1.96 eV.
Using an expression for bundled SWNTs, the corresponding
diameter distributions were calculated to range from 1.2 to 1.5
nm for laser and 1.3 1.6 nm for arc.40 Thus, these samples
exhibit a slight difference in the diameter distribution while still
containing both semiconducting and metallic
types.26
Overall,
based on the microscopic and spectroscopic data, the NC and
CS show similar sample morphology and are appropriate
representations of carbon impurities (i.e., 0% SWNT samples)
for laser and arc-discharge synthesis strategies, respectively.
Likewise, the purified L- andA-SWNTs represent a high degree






Constructed sample sets were prepared as previously de
scribed by volumetric mixing of stock DMA dispersions of
purified SWNTs ("100%") with the respective carbon impurity
constituent (NC for laser and CS for arc). However, it should
be noted that the choice of carbon impurities will affect the
constructed sample sets. Selection ofNC is a highly suitable
material since it was manufactured in the same laser synthesis
reactor. Since an equivalent carbon impurity is currently
unavailable from the raw arc SWNT soot vendor, the selection
of CS as the most appropriate choice for a representative
material has been made because it was produced under similar
conditions, albeit from a different vendor. The concentration
calculations for theDMA dispersions included adjustment from
decomposition residue values from the TGA data such that the
resulting 2.5 figltnL is indicative of the carbonaceous content
in the solutions. Figure 3 displays the characteristic optical
absorption data for the DMA dispersions over the solvent
transmittancewindow of0.90 to 4.25 eV. Evident from the data
are the well-resolved peaks due to the electronic transitions
associated with the Van Hove singularities in the density of
states for SWNTs.26 The two prominent peaks at ~1.2 and ~1 .7
eV originate from the second interband transitions of semicon
ducting SWNTs (SEH) and first interband transitions ofmetallic
SWNTs (MEU). respectively.26-''2 The overall absorption in a
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Figure 3. Optical absorption spectra for constructed sample sets of
2.5 //g/mL DMA dispersions for (a) purified L-SWNTs and NC and
(b) purified A-SWNTs and CS. The data for each sample set depict
the highly resolved peaks which are due to the interband electronic
transitions associated with the Van Hove singularities in SWNTs.
SWNT-containing sample is a superposition ofabsorbances due
to the interband electronic transitions and background jr-plas-
mons of both the SWNTs and carbon impurities. The dramatic
change in absorption intensity as a function of Sv'swnts for both
sample sets provides the necessary reference standard for
comparison of purity assessment methods.
Linear Subtraction Approach. Recent attempts at purity
assessment have utilized a linear subtraction over selected
spectral cutoffs to estimate the absorption from non-SWNT
electronic transitions for a SWNT-containing sample.
1V9-31J3,<G
Application of the method reported in ref 19 to the current
purified SWNTs shows a calculated areal reference ratio for
purified laser SWNTs of 0.319 and for purified arc SWNTs
equal to 0.253 (see Figure S3 in the Supporting Information).
These values are dramatically larger than the reported value of
0.141 for die high-purity arc reference sample or the purified
sample
(EA-P233 = 0.186), further supporting die
quality43
of
the purified SWNTs used in this study. The selection of the
dispersion solvent (DMA instead ofDMF) cannot be attributed
as the main factor in these differences since the extinction
coefficients for SWNTs calculated for each solvent vary by less
than
2%.28
Although the constructed sample sets do support the
qualitative notion that the peak intensity at SE22 is directly related
to the SWNT purity, propagation ofa linear subtraction beyond
the spectral cutoffs fails to accurately reflect the underlying
absorption due to the SWNT ^i-plasmon and other carbonaceous
(a)
"
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Figure 4. Optical absorption spectra for 2.5 /rg/mL DMA dispersions
of (a) purified L-SWNTs and (b) purified A-SWNTs. The dashed line
depicts a linear extrapolation of the two minima corresponding to the
SE22 peak. The insets show the resulting spectra after linear subtraction
of the SE22 peak based on the extrapolated line.
absorption features (see Figure 4). Application of the areal ratio
of the linearly subtracted sEii peak to the total area over selected
spectral cutoffs (0.97-1.53 eV for laser and 0.94 -1.47 eV
for arc) for the constructed sample sets significantly deviates
from the designed fractions. Shown in Figure 5 and represented
by the closed data points (values are in Table 1) are the
calculated SWNT fractions for both laser and arc sample sets
using the current reference ratios (0.319 for purified laser and
0.253 for purified arc) as a function of the constructed SWNT
mass fraction, Svswnts- It is apparent from the experimental
results for two different SWNT chirality distributions that the
reported method in ref 19 overestimates the actual SWNT
fraction.
The reason for the incorrect expression in refs 19 and 29
33 for SWNT purity evaluation was also identified analytically.
A complete derivation is provided as Figure S4 in the Supporting
Information. The final resultis represented by eq 1, which shows
that the observed overestimation is based on the calculated
SWNT mass fraction (^R,f.AA = eq 1 in ref 19) equaling the
product between the actual mass fraction of an unknown SWNT
sample (</>) and a ratio of total reference areal absorbance [tT-E>-
AA(SE22>] with the total unknown areal absorbance [^"^AA-
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concentrations. For a more accurate SWNT purity assessment,
knowledge of the underlying contributions from
the electronic
transitions and jr-plasmons of all constituents (i.e. SWNTs and
carbonaceous impurities) is warranted. In addition, the develop
ment of a rapid assessment protocol that is concentration
independent is also desirable, since themodified linear approach
requires equal dispersion concentrations for proper analysis.
Nonlinear Subtraction Approach. In a given
SWNT-
containing sample, the total absorption at a
selected energy will
be a superposition of intensities from interband electronic
transitions and the jr-plasmon for each carbonaceous constituent.
If the total Jt-plasmon contribution can be subtracted from the
optical absorption spectrum, the resulting datawill reflect only
the interband electronic transitions of the SWNT materials.
Therefore, appropriate modeling of the .i-plasmon background
and the subsequent data subtractionwill enable the development
of calibration curves that directly relate to the relative concen
trations of each carbonaceous component. Based on these
calibration curves, it is expected that a simple relationship for
measuring the SWNT purity can be obtained. In comparison
to
a linear subtraction approach, the nonhnear function would
account for physical properties in the SWNT absorption
spectrum like peak overlap and transition broadening, which
cannot be adequately accounted for by selection of integration
limits at neighboring peak minima.
Although the underiying jr-plasmon over the SWNT absorp
tion range has been previously approximated by a linear
relationship,15'29-33
various theoretical and experimental reports
have investigated the nonlinear functional dependence of this
transition.4''"53 The jr-plasmon is the collective excitation of
the electrons associated with the 7i-band in a
sample.53
The peak
maxima of the dispersion relation, which corresponds to the
jr-plasmon resonance energy (< for ft
= 1), aie generally
reported in the range of ~4.57 eV 34.46,51-53 The use 0f a
Lorentzian function to model a wide variety of physical
observables involving resonance behavior is well
established.38,51
Furthermore, surface plasmons can be modeled by a driven
damped harmonic oscillator, whose solution is indeed a Lorent
zian in the underdamped
regime.54
Therefore, we have selected





Figure 5. Purity assessment results on the constructed sample sets
shown in Figure 4 for a SE22 linear subtraction with the ratio of areal
absorbance to the purified SWNT reference. The closed data points
represent the purity assessment results using the equation in ref 1 9while
the open data points are the corrected values using eq 1 . The straight
line represents the expected purity values for the constructed fractions
of SWNTs represented in the carbonaceous mass fraction (cwswnts).
Since the extinction coefficient of the SWNTs is greater than
that of the carbonaceous impurities, it follows that <?'R)AA(SE22)
> (r,x)AA(sE22). Thus, the calculated value for the weight
fraction of SWNTs using (<Pr^.aa) will always overestimate the
actual value. It is important to note that the relative error will
increase with decreasing values of 'T-X'AA(SE22), which corre
sponds to increasing error with decreasing SWNT purity in a
sample (X-SWNT). It can also be shown with this derivation
that the normalization factor resulting from division of the total
area under the curve for the same spectral limits, which allows
for a concentration independent measurement, introduces the
described errors. Clearly, there are significant inaccuracies
associated with use of the reference
method,19 demonstrated
graphically in Figure 5 andmathematically in eq 1, which result
in an overestimation of the actual SWNT purity level.
The suggestion in refs 19 and 2933 that the areal peak
region of a SWNT sample is proportional to themaximum areal
peak region of a 100% SWNT can be a valid approach (see
Figure S4). Using a modified linear peak ratio, it is possible to
estimate the relative purity ofSWNTs at equal solvent dispersion
concentrations. The modified linear ratio calculation involves
dividing the area of the peak region above the linear fit for an
unknown SWNT sample [<P-X'AA(SE22)] by the established
reference value for a pure sample [<P'R)AA(SE22)1 As pointed
out in Figure S4, the procedure for themodified linear approach
uses the peak region above the linear fit for the sample. In the
present work, since the constructed samples are at equal
concentrations, 2.5 ^g/mL, the modified linear ratio can be
applied and the results are represented by the open data points
(values are in Table 1) of Figure 5. The reference values for
themodified linear peak areas of the purified laser and purified
arc SWNT samples are shown in Table 1 as the
"100%"
samples. The average percent deviation is <7% in all cases,
but the average percent error increases significantlywith lower
SWNT designed fractions. Since selection ofthe spectral cutoffs
for integration is based on the SWNT reference sample, the
limitations associated with any linear approach are problematic,
including overlap of electronic transitions and peak minima
shifting from
absorption of impurities in the unknown SWNT
samples. Such effects are proposed to account for the higher






In eq 2, a is the peak amplitude, 6 equals the peak energy, and
c is a measure of the peak width. Analyses were performed
with the Kaleidagraph software package.
Lorentzian Curve Fitting Results. In the case of the
constructed sample sets, the position of the jr-plasmon peak is
outside the solvent transmission window for DMA. Therefore,
validation of the Lorentzian functional form's efficacy in fitting
the jr-plasmon peak was initially made by applying eq 2 to an
acetone sprayed sample of purified
SWNTs28
where the peak
is observable. Figure 6 shows the Lorentzian curve fit to die
optical transmission data in the peak region of4.05.0 eV, for
the purified L-SWNT sample (see Table SI for curve fitting
parameters). The observed correlation between the curve fit and
data substantiates the selection of a Lorentzian formodeling of
the jr-plasmon. However, it is inappropriate to use the calculated
curve fitting parameters from this fit, including the peak value
of ~4,5 eV, in other non-acetone sprayed samples, especially
for the SWNT-DMA dispersions. This assertion is based on
major differences in experimental acquisition conditions. The
116
APPENDLX E: PurityAssessment ofSingle-Wall Carbon Nanotubes, Using Optical
Absorption {J. Phys. Chem. B. 2005, 109, 9952-9965)
9958 J. Phys. Chem. B, Vol. 109, No. 20, 2005 Landi et aL
TABLE 1: Purity Assessment Results for the Constructed SWNT Sample Sets Based on the Nonlinear Lorentzian Estimation
of the t Plasmon for SWNTs in a 2.5 //a nil. DMA Dispersion As Compared to the Areal Absorbance Method from the









































































The values in parentheses represent the average relative percent error for a measured fraction, Svswhtj-
'
Integration limits = 1.53-2.08 eV.
*
Megration limits = 054-1.47 eV.
'

































Figure 6. Optical absorption spectra of purified L-SWNTs sprayed
onto a quartz slide from a 0.1 mg/mL of acetone solution with the
corresponding nonlinear .7 -pi asmon curve fit shown by the dashed line.
The Lorentzian curve fit from the data between 4.0 and 5.0 cV shows
a strong correlation to the peak region ofthe data, and the peakmaxima
denoting the jr-plasmon energy is calculated to be 4.47 eV.
effects ofSWNT
bundling,55
solvent interactions during disper
sion,50
or thin film particle scattering in the sprayed
sample3'
are several examples ofthese differences. Instead, the Lorentzian
curve fits for the constructed sample sets were generated from
the optical absorption data between 4 and 4.25 eV, where the
jr-plasmon Absorption is proposed to be dominant in comparison
to the electronic transitions of the carbonaceous materials. The
resulting curve fits are shown for the DMA dispersions
containing purifiedL-SWNT, A-SWNT, NC, and CS in Figures
7 and 8. The Lorentzian curve fits for the purified SWNTs are
expected to represent the superposition of jr-plasmon contribu
tions from the entire distribution of SWNT diameters and
electronic types present in each sample. Similarly, the Lorentzian
curve fits forNC and CS are a superposition of the ar-plasmon
contributions from the various carbonaceous components,
including the overall morphology and particle sizes in each
sample. There is a strong correlation between the optical
absorption data and chosen Lorentzian functional form (see
Figure S5 in the Supporting Information). A summary of the
fitting parameters
(R2
exceeding 0.999 for each over the












Figure 7. Optical absorption spectra of2.5 /ig/mLDMA dispersions
of 0% L-SWNTs (NC) and 100% L-SWNTs with the corresponding
nonlinear jr-plasmon curve fits shown by dashed lines. Tne peak
maximum denoting the jr-plasmon energy is calculated to be 4.84 eV
for the 100%L-SWNTs and 5.26 eV for the 0% l-SWNTs (NC). The
gray band depicts the data region fromwhich the nonlinear Jl-plasmon
curve fit was generated.
A-SWNTs, NC, and CS is provided in Table SI in the
Supporting Information. Sensitivity ofthis approach to the range
of data for curve fitting was also investigated, but the most
reasonable agreement with the spectral features of the SWNTs
was observed for the prescribed data ranee. Slight variations in
the fitting region (e.g., 3.75-4.00 and 3.75-4.25 eV) resulted
in little orno change in the low energy range (~1 2 eV) where
the purity assessment is performed The value ofthe Lorentzian
curve fits at 1.5 eV showed a deviation of less than 5% for the
data ranges examined Therefore, the Lorentzian function was
deemed an appropriate approximation to the jr-plasmon for the
constructed sample sets.
The Lorentzian curve fits determined the ro-plasmon reso
nance energy to be at 4.84 eV for the purified L-SWNTs and
4.90 eV for the purified A-SWNTs. As expected, the location
of the jr-plasmon peak positions has shifted between sprayed
solid sample and solvent dispersion due to the differences in
experimental conditions. However, themeasured and projected
117
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Figure 8. Optical absorption spectra of2.5 jUg/mLDMA dispersions
of 0% A-SWNTs (CS) and 100% A-SWNTs with the corresponding
nonlinear Ti-plasmon curve fits shown by dashed lines. The peak
maxima denoting the jt-plasmon energy is calculated to be 4.90 eV
for the 100% A-SWNTs and 579 eV for the 0%A-SWNTs (CS). The
gray band depicts the data region fromwhich the nonlinear jr-plasmon
curve fit was generated.
values are consistent with experimental reports using optica]
absorption spectroscopy of evaporated SWNTswhere the peak
was stated to be "around 5 eV".
5I
Previous work with electron
energy loss spectroscopy (EELS) has resulted in a slightly higher
cun equal to 5.2
eV.53 The nonlinear curve fit values also suggest
that the
ft
ft overlap integral, y0, which can be approximated
as
cu/2,4' is equal to ~2.45 eV for the purified SWNT-DMA
dispersions. (Identification of y0 is an important parameter for
calculating the interband electronic transitions unique to the
individual SWNT diameters, and would specifically aid in the
deconvolution of the optical absorption spectra based on the
energy band
calculations.)26'57-5'
The curve fits for the jr-plas-
mons ofNC (o)n = 5.26 eV) and CS (a> = 5.29 eV) show a
general trend whereby the resonance energy is higher than thai
for the purified SWNTs in the DMA dispersions. This would
be consistent with a lowering of the energy required for the
collective
ftft* transitions in SWNTs since the highly conju
gated jr-system leads to derealization of the electrons.56 The
absorption of C(o fullerenes that occurs al 3.7 eV is below the
employed curve fit range, but may influence the curve fitting
approach if significant quantities are present. Since in bothNC
and CS the presence of Oso was low (~3% w/w), consistent
widi the lack of any spectral signature, the contribution to the
curve fit is considered negligible.
In the constructed sample sets, the Lorentzian curve fits are
a superposition of all the Tir-plasmon contributions present in
the sample, including both SWNT and carbonaceous impurity
distributions. The resulting nonlinear jr-plasmon functions
showed similar curve fitting parameters for both laser and arc
constructed sample sets. The expected trend of increased peak
energy with a decrease in the designed SWNT fraction (see
Table SI in the Supporting Information) was observed. The
resulting optical absorption spectra, after subtraction of the
nonlinear jr-plasmon functions, are shown in Figure 9 for both
constructed sample sets. It is important to note that any effects
due to particle scattering in the DMA dispersions, which have
previously been reported as negligible for DMF and aqueous
dispersions at higher
concentrations,"-36
may be used as afurther
refinement to the ascribed nonlinear subtraction. The data
indicate a broad absorption over the energy range for both NC
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Figure9. Optical absorption spectral overlays for nonlinear jz-plasmon
subtractions of the constructed sample sets for (a) l-SWNTs and (b)
A-SWNTs.
and CS materials which are attributed to the electronic transitions
of the constituent carbonaceous materials (such as fullerenes,
amorphous carbon, and other graphitic
components).38-60
The
purified L-SWNTs and A-SWNTs display well-resolved peak
structures, particularly in the region above 2 eV, representative
of the electronic transitions for each diameter and electronic
type. Such spectra are expected to enable the appropriate
deconvolution of absorption data based the predicted energy
gap transitions for individual SWNT
diameters.26
This type of
analysis will allow for the calculation of the semiconducting:
metallic ratio (S:M) for any SWNT diameter distribution and
serve as a means for accurate assessment of electronic type
separations.61
An observed result from the nonlinear curve fits is that the
minima between peaks (^22 and^n for example) do not equal
zero. This result is consistent with the expectation that an optical
absorption spectrum ofSWNTs exhibits an overlap ofelectronic
transitions and peak broadening for individual transitions. Such
physical properties are not accounted for in a linear subtraction
model, and are important factors in determining an appropriate
jr-plasmon subtraction. Overlap of electronic transitions mm
exist due to variation in the density of states for the collection
ofdiameters and chiralities involved widi the optical absorption.
Therefore, with the typical diameter distribution ranging from
1.2 to 1.5 nm for laser (1.3-1.6 nm for arc), the possibility
exists that an optical absorption peak from a smaller diameter
semiconducting SWNT could overlap with a larger diameter
metallic SWNT. In addition, peak broadening in the case of
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Figure 1 0. Calibration curves for purity assessment from the nonlinear
ji-plasmon subtracted constructed sample sets for (a) L-SWNTs and
(b) A-SWNTs. The data were selected from the peak energy values in
Figure 9 associated with the maximum absorbance at SE22 and ME,,
for each constructed fraction.
SWNTs could be influenced by structural distortions and defects,
finite SWNT lengths, or bundling
effects55
arising from the van
derWaals interactions between SWNTs. Although the SWNTs
in the DMA dispersions have been proposed to be debundled
compared to the bulk purified material,28 there is currently no
evidence to support that all species exist as individual SWNTs.
bnprovements in assessment protocols may allow for investiga
tion of these features, including a refined model that identifies
the precise nature of SWNT bundling properties.
Calibration Curves for Purity Assessment. Each of the
designed fractions in Figure 9 coincides with the appropriate
superposition of absorbance expected from the constructed
dilutions between NC (CS) and L-SWNTs (A-SWNTs). There
fore, it is possible to establish calibration curves for both laser
and arc SWNTs utilizing the constructed sample sets. Figure
10 demonstrates the linear relationsliips that result from selection
of the absorbance values at the peak maxima for the semicon
ducting (ASE22 ) and metallic (AMEU) transitions in both
constructed sample sets. The anticipated correlation between
the data and the linear curve fit is clearly observed. The
calibration lines are unique to the SWNT constructed sample
sets from Figure 9 and therefore cannot be used as an absolute
metric for material comparison with any SWNT sample or
diameter distribution. Development of such calibration curves
is also relative to the initial choice of carbon impurity used to
Landi et al.
fabricate the constructed sample sets (NC for laser and CS for
arc). The results, however, clearly demonstrate the methodology
for SWNT purity assessment of typical laser and
arc-synthesized
materials. Future work will evaluate the robustness of these
calibration lines based on various carbon impurities and SWNT
distributions, but is beyond the scope of this report".
There are important considerations related to die choice of
analysis used to generate the calibration curves (i.e., peak
maxima versus integrated peak area). In the present case, the
use of peak maxima values has important advantages over
integrated area based on the observed SWNT distribution. For
the laser and arc SE22 and MEn peaks in Figure 9, the
superposition of interband electronic transitions based on the
samples'
diameter ranges give rise to a peaked distributionwith
the amplitude proportional to the area with minimal effects of
peak overlap (as described above) and appropriate selection of
integration limits. The degree of overlap is largely influenced
by the type of SWNT distribution being evaluated, since the
density of interband electronic transitions over a particular
energy range dictates this overlap as visualized from a Kataura
plot.26
In samples where the interband peaks result inmultimodal
struchrres and selection of integration limits is less problematic,
then the integrated area approach may prove worthwhile.
Application of the calculated linear trendlines in Figure 10
is specific to 2.5 fig/mL. DMA dispersion, but this approach is
valid for any concentration below the dispersion limit. The purity
assessment results as seen in Table 1 are dramatically improved
compared to the reported areal absorbance ratio method19 and
consistently show better correlation widi the lower designed
SWNTmass fractions than themodified linear subtraction. The
calculated fractions using die nonlinear jr-plasmon subtraction
are within an average deviation ofthe designed values by 12%
for the L-SWNTs and 3-4% for die A-SWNTs. In comparison,
the modified li near subtraction has a slightly higher deviation
of 27% depending on the SWNT sample and selected peak,
and the method in ref 19 corresponds to 9% for L-SWNTs and
22% for A-SWNTs. Another consideration is the accuracy of
the calculated value to the designed value, represented by the
average relative percent error shown in parentheses in Table 1.
For the nonlinear3i-plasmon subtracted approach, the L-SWNTs
exhibit an average relative error within 3% of any designed
fraction and the A-SWNTs are within 7% for either peak. The
modified linear subtraction shows relatively good agreement
for the SE22 peaks in the laser and arc sample sets, but shows
significantly higher average relative errors from theMEu peak.
The method in ref 19, however, is at best within an average
relative error of 24% for laser and 59% for arc-SWNTs.
Modifications in the SWNT diameter distributions and (S:
M)may alter the empirical calibration curves, but the nonlinear
curve fitting approach has demonstrated success for both laser
and arc SWNTs. The natural extension of fliese results from
the constructed sample sets is to evaluate raw laser and arc
SWNT soots with the established nonlinear ir-plasmon fit and
calibration curves. Shown in Figure 1 1 are die optical absorption
spectra for 2.5 /ig/ml, DMA dispersions ofraw L- andA-SWNT
soots, including the corresponding Lorentzian curve fits for the
raw soots. The ;i-plasmon subtracted data are depicted in the





SWNT subtracted spectra also
shown as a reference for comparison. In the acquired data, there
is a slight increase in the absorption of the raw laser soot as
compared to the purified spectra between ~2 and 3 eV evident
by the offset in the overlay. This increase in absorption
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Figure 11. Optical absorption spectra of2.5 itg/mL DMA dispersions
for (a) raw L-SWNTs and (b) raw A-SWNTs (as-purchased from
Carbon Solutions, Inc.). The corresponding nonlinear jr-plasmon fits
for the raw SWNTs are represented by the dashed lines. The spectra
for purified SWNTs from each synthetic type are also overlaid for
reference. The insets compare the jr-plasmon subtracted results for each
raw SWNT soot against the 0% and 100% SWNT samples for each
synthetic type.
is proposed to result from the carbonaceous coatings that are
produced during synthesis and are removed during the high-
temperature oxidation treatments in the purification. It is
expected that the carbonaceous coatings will have an effecl on
the observed jr-plasmon energy, and indeed there are differences
between the raw SWNT soots and the expected values from
the constructed sample sets (see Table SI). The offset is more
dramatic in the case of the raw arc soot, thereby suggesting
that the degree of carbonaceous coatings would be higher.
However, the raw arc soot may have originally contained
graphitic material (see high-temperature TGA decomposition
results in Figure SI). The possibility then exists that the purified
A-SWNTs has retained this graphitic constituent since the
purification process may not be efficient al its removal. The
effects of Cso and other fullerenes can also impact the optical
absorption data of raw SWNT soot, but current results from a
toluene extraction of the raw laser and raw arcmaterials show
only trace quantities (<1% w/w). Therefore, the higher absorp
tion in this range is likely a combination of effects in Uie raw
soots, but does not significantly impact purity assessment
through analysis of the SE22 peak. The data indicate that the
SE22 Peak is most accurate due to confounding effects of
carbonaceous coatings from synthesis. The results using the
% "EII
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Figure 12. Optical absorption spectra from Figure 3a for the
constructed L-SWNT sample set where the peak maxima for the sE2z
and MEM transitions are highlighted with the symbols. The dashed tie
line, which is drawn between the peak maxima, indicates the relative
changes in slope of this line between peaks for each SWNT fraction.
calibration curves for the SE22 peak in Figure 10 on the
Ji-plasmon subtracted raw SWNT soot data are shown in Table
1. The raw L-SWNT soot and A-SWNT soot were calculated
to equal 24% w/w and 19% w/w SWNTs of the total carbon
aceous material, respectively. As expected, these values are
substantially lower than the calculated 31% for both laser and
arc based on the areal absorbance ratiomethod using the current
reference ratios (0.319 for purified laser and 0.253 for purified
arc). However, the modified linear subtraction is relatively
consistent with the jr-plasmon subtracted results indicating a
value of 22% w/w for each raw SWNT soot. When the TGA
data (raw L-SWNT soot residue = 10.2% and raw A-SWNT
soot residue = 3 1.9% w/w) are accounted for, the resulting total
mass fraction from the Jt-plasmon subtraction results is 22%
w/w for raw laser and 13% w/w for raw arc. These values are
strikingly lower than previous
reports,19^9-30'35 but are consistent
with the microscopic analysis in Figure 1.
Rapid Purity Assessment Protocols. While the nonlinear
jr-plasmon model has been demonstrated as a physically robust
approach, the generation and implementation of calibration
curves are not time efficient for large number of samples and
do not allow for critical evaluation of results in presentations
or publications without access to the actual data. Therefore, it
is also desirable to establish rapid assessment protocols which
facilitate SWNT sample screening during synthesis, purity
monitoring during purification procedures, and enable the
estimation ofpurity from visual observation during presentations
or in publications. Based on the constructed sample sets, there
are several important observations which can be incorporated
into purity assessment protocols. As shown in Figure 12, the
absolute intensity and ratio of intensities of the sEi2 peak and
MEU peak for the L-SWNT constructed sample set (as well as
for theA-SWNT constructed sample set) varies consistentiywith
the relative weight fraction of SWNTs present. Further visual
ization can be made by drawing tie lines from peak maxima
and observing the changes in slope of the line as a function of
weight fraction. Therefore, such observations present alternative
strategies for SWNT purity assessment.
Both laser and arc constructed sample sets were evaluated
based on a summation of the absorbance values for the SE22
and MEn peaks as a function of the designed SWNT fraction.
The results are shown in Figure 13a and illustrate the linear
relationship for both cases which are normalized to dispersion
concentration (i.e., absorbance values were divided by the
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Figure 13. Rapid purity assessment methods on L-SWNT and
A-SWNT constructed sample sets using the (a) peak sum of the
absorbance maxima at SE22 and MEn and (b) slope from the tie lines
between absorbance maxima at SE22 and MEi i . The linear curve fits
indicate the empirical relationships for each method and SWNT
synthesis type. The data sets have been normalized to 1 jn$ ofSWNTs/
mLofDMA.
dispersion concentration of2.5 //g/mL). The offset in y-intercepts
is attributed to the differences in themaximum absorption which
can result from different extinction coefficients (SWNT or
selected carbon impurities), SWNTmolecularweights, or purity
between purified L- and A-SWNTs. (Such an offset in the
absorption for purified A-SWNTs can be related to any residual
graphite in the sample, thereby altering the DMA dispersion
concentration during analysis.) Evaluation of the slope for peak
maxima tie lines also results in a linear trendline as depicted in
Figure 13b. The data are also normalized to dispersion
concentration and show a convergence of maximum negative
slope (approaching 0.0 12) for the
"100%"
sample in both laser
and arc constructed sample sets. An interesting observation from
this plot is that for peak maxima tie lines of zero slope, the
purity is approximately 70%
w/w SWNTs in the carbonaceous
component. This result implies that positive tie line slopes will
occur for samples of less than 70% w/w SWNTs and negative
slopes exist for samples of greater purity. Comparison of the
peak maxima summation or tie line slope for a sample with
unknown SWNT purity to Uie empirical relations (normalized
to the dispersion concentration of 1 /ig/mL) in Figure 13 will
allow for the rapid determination of its carbonaceous purity.
The SE22 peak was previously shown to be least affected by
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Figure 14. Rapid purity assessment method on the L-SWNT and
A-SWNT constructed sample sets using the (a) maximum absorbance
value for the SE22 peak normalized to 1 fig of SWNTs/mL of DMA
and (b) the ratio ofabsorbance values for the SE22 and MEi i peaks. The
linear curve fits indicate the empirical relationships for each method
and SWNT synthesis type.
9), and from the carbonaceous coatings (Figure 11), therefore
the use of this peak for a rapid assessmentmethod is plausible
and simple. Shown in Figure 1 4a are the data for the absorbance
value of die SE22 peak for botii L-SWNT and A-SWNT
constructed sample sets normalized to dispersion concentration
The resulting linearity represents a simple and straightforward
method to rapidly assess SWNT purity. A linear dependence is
also observed when the ratios of peak maximum absorbance
values were plotted as shown in Figure 14b. Both constructed
sets of purified SWNT samples exhibit a peak maxima ratio
approaching 1.2 in die plot. A simdar observation to the slope
approach is that for a ratio (ASE2^/AME^) of 1.0 (coiTesponding
to a zero tie line slope), the purity of a given sample is
approximately 70%w/w SWNTs in the carbonaceous component.
Therefore, the same notion exists where peak maxima ratios
greater than 1.0 will occur for samples greater than 70% w/w
SWNTs and ratios lower than 1.0 exist for purity levels less
than 70% w/w SWNTs. In comparison to the other rapid
assessment methods, the peak maxima ratio is extremely
attractive since it is independent of the dispersion concentration
(i.e., the concentration terms cancel upon division), provided
the dispersion being analyzed is below the SWNT-solvent
dispersion limit. The ratio ofpeak absorbances can result in an
important derivation (eq 3) whereby convolution of the purity
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TABLE 2: Calculated Extinction Coefficients of SWNTs,



















witit the (S:M) and ratio of extinction coefficients also occurs.
AfE^) = es/cs
A(MEn)-^M'
l5L = (A\l-A (3)
where cs
= Jcr and cm = ( 1 )ct- Equation 3 represents die
ratio of peak maxima for a pure SWNT sample given the fact
that there is no concentration term for the impurities. The
variables es and e\i are the extinction coefficients for semicon
ducting andmetallic SWNTs, respectively, / is the optical path
length, cs is the concentration of semiconducting, cm is the
concentration of metallic SWNTs, cT is the total SWNT
concentration, and is the fraction of the total SWNT
concentration that is semiconducting. As a result, the derivation
shows that (S:M) is equal to /(l J).
If the (S:M) is assumed to remain constant (typically reported
at 2:13S-61), then appropriate use of extinction coefficients in a
Beer's law analysis yields anothermefliod for purity assessment.
While overlap ofSWNT electronic transitions can. influence an
experimentally calculated e , the value derived from selecting
the peak maximum will be the least sensitive to this effect.
Previous work has detennined the value of die extinction
coefficients for NC, raw, and purified
L-SWNTDMA disper
sions.28
A similar analysis has been made using CS and purified
A-SWNTs for comparison with the laser data. Shown in Table
2 are the calculated extinction coefficients derived from a Beer's
law analysis involving serial dilution of the 2.5 /ig/mh DMA
dispersions for each material with pure DMA. These results are
consistent with the previous
values.28
Since the mass used to
calculate the dispersion concentrations for the Beer's law
analysis was for the total concentration ofpurified SWNTs, ct,
the magnitude of the extinction coefficient values is a convolu
tion of the extinction properties for the inherent (S:M)
Therefore, as long as the SWNT samples being analyzed have
a similar (S:M), incorporation of these constants into eq 4 will
result in a relative determination of the carbonaceous concentra











Extinction coefficients for SWNTs have been reported in the
literature, but an uncertainty exists in regard to what these values
represent.32'33''52'63Disparities in the value of the dispersion limit
for the various species present in a SWNT-containing sample
(i.e., SWNTs, graphitic carbon, amorphous carbon, and'or
fullerenes) call into question what material is the major
contributing factor to the
measured extinction coefficients.
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TABLE 3: Purity Assessment Results for the
Constructed












100% laser 99(1) 100 (0) 100 (0) 96(4) 99(1)
80% laser 80(0) 80 (0) 80(0) 80(0) 79(f)
60% laser 61(2) 60(0) 60(0) 62(3) SS(3)
40% laser 40(0) 39 (3) 40(0) 40(0) 38(5)
20% laser 20(0) 20(0) 20(0) 17(15) 20 (0)
av% dev (av <KD <1(1) 0(0) 2(5) 1(2)
rel% error)
100% arc 103 (3) 101 (1) 102 (2) 97 (3) 99(1)
80% arc 78(3) 80(0) 79(1) 82(3) 80(0)
60% arc 56(7) 59(2) 58(3) 64 (7) 60(0)
40% arc 39(3) 34(15) 39(3) 37(8) 37 (8)
20% arc 21(5) 21(5) 22 (10) 19(5) 24 (20)
av% dev (av 2(4) 2 (5) 2(4) 3 (5) 2(6)
rel % error)
raw laser 34 17 2S 19 20
raw arc 53 42 9 IS
aThe values in parentheses represent the average relative percent
error for a measured traction, cwSWHTa.
(Note: The dispersion limit ofnanostructured carbon is 2 orders
of magnitude higher than that of the purified SWNTs in
DMA.28) For unambiguous interpretation of any extinction
coefficient data, it is imperative Uiatmeasurements be performed
below the dispersion limit of purified SWNTs in the solvent
(e.g., ~3 /ig/mL for a DMA
dispersion).28 In the future,
determination of the absolute extinction coefficients for semi
conducting and metallic SWNTs will greatly facilitate purity
assessment, including the ability to accurately quantify the bulk
degree of enrichment from SWNT
separations.61
In addition,
an understanding of how the extinction coefficient may vary
with SWNT diameter can elucidate tile overall absorption profile
further.
In summary, the results from each of the rapid techniques
on the constructed sample sets are listed in Table 3. Also
included are the rapid assessment results on the 2.5 fig/mL raw
laser and arc SWNT-DMA dispersions. The proposed effects
of carbonaceous coatings are most apparent in the peak
summation approach for both raw samples. However, die results
for raw laser SWNTs are consistent across each of the techniques
with only a minor depression in values compared to the
nonlinear ji-plasmon model. In contrast, the raw arc SWNT soot
shows significantly more variability in each of the rapid
assessment analyses, specifically with the slope approach where
the measured value is outside the calculated calibration range.
As suggested eariier, this variability is attributed to the presence
of increased carbonaceous coatings or graphitic components in
the arc sample that artificially inflate the absorption in theMEn
peak range, thereby altering the purity assessment results.While
the peak summation and tie line slope approach are useful
techniques, they are also dispersion concentration dependent,
which reduces their appeal. In comparison, the peak maxima
ratio (ASE22/AMEU) and Beer's law strategies are concentration
independent, provided the SWNT-DMA dispersion is below the
dispersion limit (~3 fig/mh for purified SWNTs28). With these
observations in mind, the recommended rapid approach to purity
assessment includes the following simple procedure: (1)
perform TGA analysis of SWNT sample; (2) use corrected
carbonaceous mass from TGA residue to prepare and analyze
a 2.5 /(g/mL SWNT-DMA dispersion from 0.9 to 4.25 eV,
using optical absorption spectroscopy; (3) evaluate the absor-
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bance peak maximum values for the SE22 and MEu peaks; (4)
calculate the peakmaximum ratio and compare to the calibration
curve or utilize Beer's law (eq 3) with appropriate extinction
coefficients foran assessment of the 'wsvmis in the carbonaceous
component; (5) and adjust for themetal catalyst impurities from
the TGA residue, to determine the overall wswnts in the analyzed
sample.
Conclusion
The use of optical absorption spectroscopy on SWNT-DMA
dispersions has been shown to produce highly resolved spectra
which allow for a quantitative, noninvasive approach to probing
the bulk SWNT electronic transitions. Production of constructed
sample sets containing purified laser (arc) SWNTs with nano
structured carbon (carbon soot) has enabled the necessary
verification ofpurity assessmentmethods for calculation of the
carbonaceous mass fraction of SWNTs ('vvswnts). Evaluation
of the purity assessmentmethod with use of the areal ratio from
a linear subtraction has shown where this approach overestimates
the actual SWNT content when a total area normalization is
utilized, supported by both experimental data and amathematical
derivation. The development of a nonlinear jr-plasmon regres
sion model has been used to generate calibration curves which
showminimal deviation (error <3% for laser and <7% for arc
sample sets) and are able to extrapolate to SWNT samples of
differing purity levels. Innovative rapid assessment protocols
based on absorbance maxima, peak tie line slopes, relative
absorbance ratios, and Beer's law analysis of the SE22 and MEn
peaks have been developed and corroborated with the nonlinear
jr-plasmon model. An important observation from the results
is that for equivalent absorbance intensities of the SE22 andMEi i
peaks, SWNT-containing samples are ~70% w/w SWNTs of
the carbonaceous component. These methods represent both a
robust and an efficient means to accurately quantify the overall
mass fraction of SWNTs in a given sample based on the
appropriate combination of TGA and optical absorption spec
troscopy. While the methodologies herein have been shown to
be robust, the purity assessment comparisons are relative to the
absolute purity of the
"100%"
SWNT samples and appropriate
selection of carbon impurities for the constructed sample sets.
As noted previously, the proposed protocols will remain valid
even with samples of potentially higher SWNT purity. The
generality of the calibration curves for SWNT samples with
differing distributions and sample impurities is currently being
investigated, including the quantification of individual diameter
concentrations and the semiconducting:metallic ratio. Refine
ments to diis approach will address the carbonaceous coatings
on raw SWNT soots, chemical functionalization that can result
during purification, and any residual graphite impurities that
may exist from arc-discharge techniques. Overall, the improved
understanding of SWNT purity assessment will assuredly lead
to more accurate analyses and consistency in experimental
results necessary for future device development.
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Figure S2. Raman spectra for the RBM ofpurified laser and arc SWNTs at incident
laser energies of 2. 54 eV and 1 .96 eV. The relationship between bundled SWNTs and
diameter used to calculate the diameter distribution is the following relationship between
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Figure S3. Calculated reference ratios ofpurified SWNTs in a 2.5 tig/mL DMA
dispersion based on the areal absorbance of the E22 peak [AA(SE22)] and the total areal
absorbance [AA(T)] between the selected spectral cutoffs.
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Areal Absorbance Definitions:
(T'R,AA(SE22) - the total reference sample, (R-SWNT), absorption for the second set of interband
electronic transitions (SE22)
^^AA^E^) - the peak contribution to the reference sample, (R-SWNT), absorption for (sEz2)
<B'
R)AA(SE22) - the body contribution to the reference sample, (R-SWNT), absorption for (^2)
(",R)AA(SE22) the Jt-plasmon contribution to the reference sample, (R-SWNT), absorption for (^22)
AAR(NC) - the absorption for the region of (SE22) for a pure nanostructured carbon sample, (R-
NC), at a dispersion concentration equal to that of the reference sample, (R-SWNT).
(T'X)AA(SE22) - the total unknown-fraction sample, (X-SWNT), absorption for the second set of
interband electronic transitions (SE22)
(P'X)AA(SE22) - the peak contribution to the unknown-fraction sample, (X- SWNT), absorption for
(SE22)
(B'x)AA(sEz2) - the body contribution to the unknown-fraction sample, (X-SWNT) absorption for
(^22)
(*'X)AA(SE22) - the 71-plasmon contribution to the unknown-fraction sample, (X-SWNT), absorption
forCEa)
AAX(NC) - the absorption for the region of (SE22) of a nanostructure carbon in the unknown-
fraction sample (X-SWNT)
The optical absorbance for a 100% SWNT sample can be considered to consist of two contributions: (1)
that due to absorption from interband electronic transitions and (2) that due to 7t-plasmon excitations. For
the following analysis the absorption from interband electronic transitions will be further separated into a
peak contribution and a body contribution, the line separating the regions being a line drawn between the
localminima on either side of the sE22peak.
For a 100%, purified SWNT reference sample, (R-SWNT), the total areal absorbance, ^AA^j), over
selected spectral cutoffs, is equal to the following expression:
V-*>AA(%d =^AA^) + ^AACEk) + ("-R)AA(sE22) (S4.1)
For a sample ofunknown SWNT fraction, (X-SWNT), the total areal absorbance, ^^AAf^EjiX is equal to
the following:
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^AAfEjj) = ^AAfE^) + <B'X)AA(SE22) + ("'X)AA(SE22) + AAX(NC) (S4.2)




^AA^E^) + ^^AA^) +AAX(NC) =
())(p,R)AA(sE22) + ^ (B.RL^Sg^ + ^(-.^^(Sg^ + (1_ ^ ^r^q (S4 3)
Assuming that the absorption due to the NC does not affect the extinction coefficients of the SWNTs, then






























Defining, <|>Ref.AA, to be the mass fraction of SWNTs contained in the unknown-fraction sample, (X-SWNT),
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Note that the correction factor multipying <)>RCf.AA in equation S4.1 1 has the effect of removing the
normalizations from equation (1) ofReference 19, thus requiring that the carbonaceous-solvent
concentrations (below the pure SWNT-solvent dispersion limit) ofboth the reference and unknown samples
be identical for an accurate purity assessment.
Since the extinction coefficient of the SWNTs is greater than that of the carbonaceous impurities, it follows
that <T,R)AA(SE22) > ^^AAfEa). Thus the calculated value for the weight fraction of SWNTs using
Ot'Rcf.AA) wiU always overestimate the actual value. Note that the relative error will increase with decreasing
values of^^AA^E^), which corresponds to increasing errorwith decreasing SWNT purity of sample
(X-
SWNT). As seen in the following graph, when <(iEefAA is adjusted according to equation S4.10, the data







Figure S4. Derivation of the referenced linear approach to purity assessment of SWNTs based on the ratio
of areal absorbance for the linearly subtracted regions of the SE22 peak. The overestimation observed from
thismethod is demonstrated by the Final equation.
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Figure S5. Optical absorption data for the 4.00-4.25 eV range used to apply the
Lorentzian functional form represented by the trendlines of each data set. Shown in (a)
are the data sets for the L-SWNT constructed sample set for the purified L-SWNTs
(100%) and NC (0%) samples; (b) are the data sets for the A-SWNT constructed sample
set for the purified A-SWNTs (100%) and CS (0%) samples.
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TABLE SI : Curve fitting parameters for Equation 2 based on the nonlinear Lorentzian estimation of the n-
plasmon for SWNTs in the sprayed sample ofpurifiedL-SWNTs and the 2.5 ug/mL DMA dispersions.
designed fraction a b c
R2
purifiedL-SWNT spray 0.83782 4.4718 1.4722 0.9936
100% Laser 0.42003 4.8403 1.0298 0.9999
80% Laser 0.43380 4.9685 1.0996 0.9999
60% Laser 0.46165 5.0932 1.1354 0.9999
40% Laser 0.47070 5.1646 1.1593 0.9997
20% Laser 0.46849 5.1976 1.1695 0.9996
0% (NC) 0.45638 5.2609 1.2269 0.9993
RawLaser 0.51086 5.1805 1.1800 0.9996
100% Arc 0.32492 4.8955 1.0219 0.9990
80% Arc 0.36133 5.0241 1.0157 0.9995
60% Arc 0.34962 5.0545 1.0161 0.9995
40% Arc 0.32421 5.1715 1.0718 0.9992
20% Arc 0.38273 5.2284 1.0018 0.9995
0% (CS) 0.35214 5.2917 1.0259 0.9990
Raw Arc 0.41367 5.0892 1.2244 0.9998
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The use of thermal oxidation profiling (TOP) tomonitor the properties of single-walled carbon nanotube
(SWNT)-containing samples at incremental temperature intervals has been developed. Specifically, the
thermal decomposition of raw and acid-refluxed SWNT samples is evaluated by a systematic series of
oxidative thermal treatments with concomitant punty assessment to ascertain the SWNT mass retention.
The TOP results, supported by Raman spectroscopy, indicate that the SWNT decomposition coincides
with the onset of raw soot combustion. The temperature for this SWNT combustion onset is equivalent
to pure metal-catalyst oxidation, particularly for the highly exothermic Co metal. Thus, there are no
discernible regions of a raw soot thermogravimetric analysis (TGA) curve that can be ascribed to SWNT
combustion independent ofmetal impurity influence. In contrast, the acid-refluxed SWNT sample shows
that chemical oxidation of the metal can enable optimization of SWNT retention during thermal purification.
The established understanding between tim e and temperature on thermal oxidation allows for purification
efficiencies (the highest purity at the maximum retention) of 75% w/w to be achieved in laser-produced
SWNTs, without modification to the diameter distribution.
Introduction
Single-walled carbon nanotubes (SWNTs) are being
investigated for a variety of applications based on their
unique electrical, optical, and mechanical
properties.1-'1
While such properties are truly significant, the practical










require material standardization, especially in terms of
electronic type and degree of purity. In addition, there is a
pressing demand by researchers for quality verification and
consistency of SWNT samples from commercial
sources.9
There have been various experimental methods reported in
regard to the synthesis of SWNTs (i.e., arc-discharge,
chem ical vapor deposition, and pulsed laser
vaporization).1 -3
Each technique produces SWNTs with differing diameter,
chirality distributions, and various amounts of synthesis
byproducts (amorphous carbon, metal catalysts, fullerenes,
etc.). A variety of reports have assessed the quality of such
materials through electronmicroscopy and
spectroscopy,10-12
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but there is no single metric which accurately quantifies the
types, amount, and morphology of SWNT-containingmateri
als. In general, the most important criterion is the "purity",
or quantity of SWNTs present in relation to other byproducts
from the synthesis. Therefore, it is essential that a precise
definition be established for bothmeasurement and terminol
ogy as to what
"purity"
means in regard to
SWNTs.13
The
development of a simple protocol to assess the purity of
SWNTs has been sought after by many research
groups.13-21
SWNT purity assessment should rely on readily available
techniques which measure quantities directly related to mass
fraction, while analyzing a representative portion of the
SWNT-containing sample. In addition, the accuracy of an
approach must be verified in reference to a calibrated
standard or known sample set. The implementation ofwell-
understood characterization techniques which extract perti-
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nent information about the sample's quality will allow for
the consistency demanded in SWNT-based devices.
The most popular techniques for SWNT characterization
have been scanning electronmicroscopy (SEM), transmission
electronmicroscopy (TEM), optical absorption spectroscopy,
thermogravimetric analysis (TGA), and Raman spectros
copy.3'10-12 The proper combination of these techniques, and
possibly others, should provide an accurate account of the
quality of SWNT samples. Unfortunately, many groups have
used such techniques to report high purity levels, with several
accounts >90% pure without reference to adequate material
standards.14-22-26 Electron microscopy (SEM and TEM) is
commonly used to detect the presence of SWNTs, with some
groups reporting purity levels (as a volume % at times) based
on this qualitative, sample-limiting
measurement.27-29 In
comparison, the SWNT bundling morphology (affected by
van derWaals attractions) or the presence of carbonaceous
coatings are useful results obtained from microscopy mea
surements.3 The utility of Raman spectroscopy on the
characterization of SWNTs (diameter distribution, electronic
type, etc.) is
well-established,30-32 but the complications
arising from the use of numerous laser excitation energies
in order to resonantly enhance the entire SWNT sample
reduce the appeal of this technique as a simple method for
the bulk sample analysis of quality or purity.
15
Instead, TGA
and optical absorption spectroscopy are the two most
prominent
methods.1243,17,23'29
Researchers have used TGA to characterize carbon nano
tubes for over a decade.33 It is routinely used to analyze
as-
produced SWNT samples and purification methods.23'29 The
widespread acceptance and popularity of this method comes
from the simplicity of using a representative sample and
evaluating the changes in weight loss under flowing gas
(typically air) as a function of temperature. Calculation of
the metal-catalyst impurity levels is the most routine
measurement obtained from TOA,10'11"23"19'34-43 especially
(22) Bandow, S.: Rao, A. M.; Williams, K. A.; Thess, A; Smalley, R. E.;
Eklund, P. C. J. Phvs Chem. B 1997, 101, S839-SS42.
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A.; Heben, M. I.Ada Maler. 1999. 11, 1354-1358.
(24) Jeong, T.; Kim, W.-Y; Halm. Y.-B. Chem Phys Lett. 2001, 344,
18-22.
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Solid Stale Commun. 1999. 112, 35-37.
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2004, 42. 1657-1664.
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Landi et al.
when coupled to an independent method like inductively
coupled plasma (ICP) spectroscopy or energy-dispersive
X-ray analysis
(EDX).14'15,23'36'39'44'45
However, the TGA only
measures a residue value, which means that the proper
correction for metal oxidation in raw soot samples is
necessary for samples analyzed under flowing air. In addition,
the assumption that the residue is equivalent tometal-catalyst
impurities alone warrants caution since other contaminants
such as Si02 may be present in a sample from synthesis and
are thermally stable over the SWNT decomposition
range.3
In contrast to quantifying the metal-catalyst content, informa
tion regarding the carbonaceous constituents, particularly the
SWNT quality (purity) and thermal stability, is less straight
forward from TGA data.
TGA has been used to ascribe absolute decomposition
temperatures or regions of combustion under flowing air for
raw soots and processed SWNTs. iuizumo,*-* The common
interpretation for TGA data from raw soot is the presence
of two major weight losses attributed to amorphous carbon
and SWNTs, respectively, from low
(~300-400C) to high
temperature (typically > 400
C).10,11,2S'40'42'49-53
However,
the influence of localized exothermic reactions from impurity
carbons27
and/or metal-catalyst oxidation during the decom
position of SWNTs (especially in raw soots) has not always
been considered. Numerous reports have identified that
precombustion occurs in raw .SWNT samples because of
thermal oxidation ofmetal-catalyst
impurities."'34'39'40'43'5''"5'
The precombustion effect in raw laser SWNTs has been
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attributed to cobalt-activated decomposition at425 C.36 The
verification for this claim occurred by observing the antici
pated thermal decomposition below 500 C after addition
of a cobalt salt to purified SWNTs. The exact temperature,
extent of weight loss, or impact on TGA peak assignments,
however, has yet to be systematically studied for metal
activated precombustion of SWNTs.
TGA has been used to investigate the changes in thermal
decomposition for samples as a function of SWNT diam
eter.11,55,57 The results suggested that smaller-diameter SWNTs
decompose at lower temperatures in air based on increased
steric strain. Although intuitive, the relationship between the
full range of SWNT diameters (typically between 0.4 and 2
nm1-3) and thermal decomposition temperatures has not been
reported. Raw SWNT soots from synthesis in the same laser
vaporization reactor at differing temperatures (resulting in
different SWNT diameter distributions) show the expected
trend, but consideration for the metal-catalyst precombustion
on the results is not discussed.10 A direct comparison of puri
fiedHiPco and lasermaterials also shows the trend of lower
thermal combustion for the smaller-diameter
SWNTs,35 but
the diameter distributions are not the only differences between
these materials. The effects ofmetal catalysts from synthesis
(Fe vs Ni/Co), type of purification (HC1 vs HN03), defect
densities, and carbonaceous coatings may also contribute to
the observed differences in decomposition temperature. The
most convincing report for a diameter effect on thermal
decomposition involved oxidation treatment at live tempera
tures (between 460 and 620C) on purified HiPco
SWNTs.55
After each successively higher temperature exposure, the
authors observed removal of the corresponding higher
frequency peaks in the Ram an radial breathing mode (RBM),
relating to the destruction of smaller-diameter SWNTs.
Reports using TGA to monitor the progress of acid and
thermal treatments during SWNT purification processes
have been routine for many types of synthesized
materials.23'3"6'39-41,56'58'59 SWNT purification procedures
routinely employ chemical, gaseous, and/or thermal oxidation
steps to remove metal-catalyst and carbonaceous
impurities."J2'22-25'2829'34-3(1'39-41'4;''',4'4S'50'52'54-70
In general,
(55) Zhou. W.; Ooi. Y. H.; Russo, R.; Papanek, P.; Luzzi, D. E.; Fischer,
J. E.; Bronikowski, M. J.; Willis, P. A.; Smalley, R. E. Chem Phys
Lett. 2001. 350, 6-14.
(56) Cinke, M.; Li, J.; Chen. B.; Cassell, A.; Dclzeit, L.; Han. J.;
Meyyappan, M. Cliem. Phys. Lett. 2002, 365, 69-74.
(57) Nagasawa, S.; Yudasaka, M; Hirahara, K.; Ichihashi, T.; Iijima, S.
Chem Phys. Lett. 2000, 328, 374-380.
(58) Strong, K. L.; Anderson, D. P.; Lafdi, K.; Kuhn, J. N. Carbon 2003.
41, 1477-1488.
(59) Dailly, A.; Yim. J. W. L.; Ahn. C. C; Miura. E.; Yazami. R.; Fultz,
B.Appt. Phys A 2005, 80. 717-722.
(60) Gaiewsld, S.; Maneck, H.-E.; Knoll,U.; Neubcrt, D.; Dorfcl. I.;Mach.
R.;"Straub, B.; Friedricfl, J. F. DiamondRelat. Mater. 2003, 12,
816-
820.
(61) Sen, R.; Rickard, S. M.; ltkis, M. E.; Haddon, R_ C. Chem Mater.
2003, 15, 4273-4279.
(62) Shen, K.; Curran. S.; Xu. H.; Rogelj. S.; Jiang. Y; Dewald, J.; Pielrass,
T.J. Phys. Chem B 2005, 109. 4455-4463.
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JS1997, 101, 1974-1978.
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Chem. Res 2002, 35, 1045-1053.
(65) Borowiak-Palen, E.; Liu, X.; Pichler, T.; Knupfer, M.; Graff, A.; Fink,
J.; Kalenczuk, R. J.; Jost, O.; Pompe, W.AIP Conf. Proc. 2002, 633,
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the observed decomposition temperature during TGA for
purified SWNT materials is higher than as-produced, denot
ing a progressive increase in thermal stability for
higher-
purity SWNTs.
1041.23^5^6,19,55 Attempts to quantify SWNT
purity for raw and processed SWNTs from TGA data have
involved equating SWNT weight percent purity to the entire
carbonaceous decomposition
change14,23
or using the ratio
of integrated area for the first derivative peaks from curve
fitting.12'28,51'53 This has resulted in high SWNT purity levels
being reported from TGA data (up to 98% w/w) without
reference to adequate standardization (i.e., reference material
or independent technique) or justification for peak area
assignments.14'15'23'27'39,49'53
Optical absorption spectroscopy has been used for evalu
ation of SWNT purity, since absorbance is proportional to
concentration, and SWNTs exhibit very distinct electronic
transitions associated with Van Hove singularities in the
density of
states.16-18 The use of SWNTorganic solvent
dispersions offers the advantages of quantitative solution-
phase analysis and homogeneous samplingwithout chemical
functionalization.37
Recent work has utilized stable disper
sions of SWNTs in A/.W-dimethylacetamide (DMA) for
SWNT purity assessment using optical absorption spectros
copy to determine the mass fraction of SWNTs in the car
bonaceous portion.13 The development ofconstructed sample
sets which varied the SWNT mass fraction of purified
SWNTs with respect to a representative carbonaceous by
product allowed for numerous mathematical approaches to
be applied in reference to a knownmetric of comparison. A
review of the commonly reported linear
subtraction122'''52'61'71,72
of the second interband electronic transition of the semicon
ducting SWNTs (s22) peak showed how this linear approach
overestimates the actual SWNT content, supported by both
experimental data and a mathematical
derivation.13
Instead,
the application of a nonlinear regression model using a
Lorentzian subtraction of the TT-plasmon, as well as multiple
rapid assessment protocols using the SE22 and first interband
electronic transition of the metallic SWNTs (Mn) peak
maxima (absolute absorbance intensity, peak maxima ratio,
tie-line slope, and a Beer's law analysis derived from
calculated extinction coefficients), showed an improved
correlation to the constructed sample sets. This report13
represents the initial example of a calibration standard for
SWNT purity, thereby enablingmeaningful comparisons with
other characterization techniques.
In the present work, a protocol for developing a thermal
oxidation profile (TOP) of SWNT-containing samples using
(66) Bendjcmil, B.; Borowiak-Palen, E.; Graff, A.; Pichler, T.; Guerioune,
M.; Fink, J.; Knupfer, M.Appl. Phys. A 2004, 778, 311-314.
(67) Jeono, T.; Kim, W.-Y.; Halin, Y.-B. Chem Phys. Lett. 2001, 344,
18-22.
(68) Coleman, J. N.; O'Brien, D. F.; in het Panhuis, M.; Dalton, A. B.;
McCarthy. B.; Barklie. R. C; Blau. W. J. Smth. Met. 2001, 121,
1229-1230.
(69) Nepal, D.; Kim, D. S.; Geckeler, K. E. Carbon 2005. 43, 660-662.
(70) Min, Y. S.; Bae, E. J.; Park, W. J. Am. Chem. Soc. 2005, 127, 8300-
8301.
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C; Jung. R_; Haddon, R. C. J. Phys Chem. B 2004, 108, 12770-
12775.
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a systematic series of thermal treatments over the decom
position range for raw and acid-refluxed SWNTs has been
performed. The stepwise variation of temperatures allows
for a direct comparison of the thermal conditions on SWNT
structural and electronic properties, monitored by Raman and
optical absorption spectroscopy. Application of the purity
assessmentmethod based on a constructed sample set allows
for the SWNT purity andmass retention to be calculated after
each thermal treatment step. The TOPs ofraw soot and acid-
refluxed SWNTs show completely different results, which
relate to the combustion effects from the metal-catalyst im
purities and oxidizing acid exposure. These results facilitate
the interpretation of decomposition transitions in the TGA
data, including peak assignments in the first derivative anal
ysis. The development of purification calibration curves
shows where the delicate relationship between time and tem
perature on the thermal oxidation of SWNT samples can be
used to predict and incorporate systematic thermal treatments
to maximize purification efficiency. Such TOP results can
allow for larger quantities of purified SWNTs to be retained
during purification, as well as can provide a fundamental
understanding of SWNT thermal decomposition during TGA.
Experimental Section
The SWNT materials were synthesized by a laser vapor
ization procedure using anAlexandrite
laser.13'37
The graphite
(12 fim) target was pressed at 20 000 psi and contained
3% w/w Ni (submicron) and 3% w/w Co (12 jjra). The
reaction furnace temperature was maintained at 1 1 50C, with
a chamber pressure of 700 Torr under 100 seem flowing
Ar. A portion of the as-synthesized laser raw soot (50 mg)
was homogenized for analysis by mixing with 50mL acetone
(reagent grade) and sonicating at 25 C for 30 min. The
solution was magnetically stirred for 30min and filtered over
a 1 ).im poly(tetrafluoroethylene) (PTFE) membrane filter
The homogenized raw SWNT paper (raw SWNT-HO) was
placed in a muffle furnace under stagnant air (Thermolyne
1300) at 200 C for 1 h.
The remaining raw SWNT soot was purified by conven
tional acid reflux as reported previously."
WWi
jhe rano
ofmaterials for refluxing was as follows: 250 mg raw soot
added.to the acid solution (1 50mL HzO, 36mL concentrated
HNQs (69-70%), and 15 mL concentrated HC1 (36.5-
38.0%)). The reaction solutionwas brought to reflux at 1 20
C for 14 h. The reflux solution was filtered in three aliquots
over a 1 ptm PTFE membrane filter with copious distilled
H2O to form SWNT papers. The acid filtrate was discarded
and subsequentwashes (3x) with 50 mL acetone and 10mL
distilledHiO removed functionalized carbon impurities until
the filtrate was clear. The resulting papers from acid reflux
were also thennally oxidized at 200C in the muffle furnace
under stagnant air for 1 h (SWNT-reflux). The total mass
5'ield of the reflux process was 32% w/w after this step.
Characterization of the raw SWNT-HO and SWNT-reflux
materials was performed by scanning electron microscopy
(SEM), optical absorption spectroscopy, Raman spectros
copy, and thermogravimetric analysis (TGA). The SEM
images were obtained at 2kV using a Hitachi S-900, with
samples applied directly to the brass stub using silver paint.
Landi et al.
UV-Vis-NIR (ultraviolet-visible-near-infrared) spectra
were obtained on stable dispersions of SWNl's in NJJ-
dimethylacetamide (DMA, 99+ %) using a Perkin-Elmer
Lambda 900
spectrophotometer.37Sample handling for
dispersion solutions involved the use of 1 cm quartz cuvettes.
Data were obtained over an energy range of 0.904.25 eV,
corresponding to the transmission
window of the alkyl amide
solvent. Raman spectroscopy was performed at room tem
perature using a JY-Horiba Labram
spectrophotometer from
1 00 to 3000
cm-1
with an excitation energy of 1.96 eV (He/
Ne laser). Thermogravimetric analysis (TGA) was conducted
using a TA Instruments 2950. Samples were placed in the
platinum pan balance in quantities of ~1 mg and ramped at
1 0 C/min from room temperature up to 800 C under air at
a gas flow rate of 60 seem.
The purity assessment was performed as per the previous
report using a constructed sample set which was fabricated
from 3.25 jiglvriL DMA dispersions and prescribed as the
reference
standard.13 This was accomplished by a volumetric
mixture of a 3.25 ^g/mL stock solution of purified laser
SWNTs in DMA with a 3.25 ug/mL stock solution of
nanostructured carbon (NC) inDMA at 10% increments (i.e.,
concentrations of 0%, 10%, 20%, 30%, 40%, 50%, 60%,
70%, 80%, 90%, and 100% w/w SWNTs). However, it
should be noted that the choice of carbon impurities will
affect the constructed sample sets. Selection of NC is a
suitable material since it wasmanufactured in the same laser
synthesis reactor under equivalent conditions as the SWNTs
except for the lack ofmetal catalyst in the graphite target.13
Thermal oxidation profiling (TOP) was performed by
thermally oxidizing representative fractions of the SWNT
samples at a given temperature and duration, followed by
calculation of the corresponding mass change and SWNT
purity13 from such treatment Each measurement was per
formed using the TGA for accurate reproduction of the
temperature ramp and microbalance measurements. The
procedure involved ramping ~1 mg samples (accurate mass
measured by instrument) in the TGA at 10 C/min to the
desired temperature and stopping or holding isotherm ally for
predetermined times. The change in mass was calculated by
the TGA, and purity assessment of the remaining material
proceeded as per the reported
protocol.13 A more complete
discussion of the calculations used to determine each of the
SWNT mass retention data points in the TOP will be
provided in part C of the Results and Discussion section.
Results and Discussion
A. SWNT Purity Assessment As per the previous
report,13
a constructed sample setwas prepared by volumetric
mixing of stock DMA dispersions of purified SWNTs
(denoted as "100%") with the respective carbon impurity
constituent: nanostructured carbon (NC). Figure 1 displays
the characteristic optical absorption data for the DMA
dispersions from a laser SWNT constructed sample set at
carbonaceous concentrations of 3.25 /.g/mL (adjusted for the
decomposition residue values from the TGA data), which is
near the dispersion limit for purified
SWNTs.37
The current
sample set is at a higher dispersion concentration and
contains twice as many data points (10% intervals) than the
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Figure 1. Optical absorption data for a laser SWNT constructed sample




to enhance the accuracy of the calibration
curve. The figure depicts the well-resolved peaks (e.g., sEn
at 1.27 eV and MEU at 1.86 eV) due to the interband
electronic transitions in the density of states for
SWNTs.73
The overall absorption in each SWNT-containing sample
fraction is a superposition ofabsorbances due to the interband
electronic transitions and background Ji-plasmons of the
respective amounts of SWrNTs and carbon impurities. The
dramatic change in absorption intensity as a function of
SWNT mass fraction in the carbonaceous portion of the
sample ('Wswrs) provides the necessary reference standard
for a purity-assessment calibration curve.
Themost attractive method for rapid evaluation of SWNT
purity in a sample is the calculation of the absorbance
maxima ratio from the SE22 peak andMEn
peak.13
The ratio
of peak maxima for a pure SWNT sample result is a
convolution of the purity with the semiconducting/metallic
ratio (S/M) and the ratio of extinction coefficients for the
semiconducting and metallic
types.13 For a sample of
unknown purity, the absorption spectrum will represent the
absorbance contribution from the SWNT chirality distribution
and carbon impurities present. If the S/M and extinction
coefficients for pure SWNTs are assumed to remain constant
and nonvarying during the experiment, then the ratio ofpeak
maxima directly relates to the change in concentration of
SWNTs to carbon impurities. Selection of peak maxima
values for purity assessment has important advantages over
integrated area based on the observed SWNT distribution in
a laser-synthesized sample. For the SE22 and MEn peaks
shown in Figure 1, the superposition of interband electronic
transitions based on the sample's diameter range gives rise
to the amplitude being proportional to the area with minimal
effects of peak overlap and the ambiguous selection of
integration limits. Therefore, the present SWNT purity
assessment is performed using the peak maxima values at
1.27 eV (s22) and 1.86 eV (^En) for the establishment of
a calibration curve.
(73) Kataura, H.; Kumazawa, Y.: Maniwa, Y.; Uniezu. I.; Suzuki. S.;
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Figure 2. Purity assessment calibration curve for the ratio of absorbance
values at the SJJ22 and uEn peak maxima (as designated by the arrows in
Figure 1.). Trie solid curve-fit line represents application of eq 3 to the
data, and the corresponding fitting parameters are listed.
The resulting absorbance peak maxima ratio values for
the constructed sample set from Figure 1 are plotted in Figure
2. The preparation of the constructed SWNT mass fractions,
'wswnts, was calculated to have an experimental uncertainty
of 1 .5% based on sample weighing and the volumetric pipets.
The absorbance ratio error is negligible due to the accuracy
and precision of the spectrometer. In contrast to the previous
work where the peak maxima ratio data was approximated
with a linear dependence, the closer-spaced data intervals
(10%) in Figure 2 allow for a more accurate curve fit of the
data. Whether the data is analyzed using an empirical
relationship for the peak maxima ratio or by applying
measured extinction coefficient values (as suggested in the
previous work13), the relationship using the absorbance peak
maxima for purity assessment is equivalent. The changes in
the absorbance maxima ratio depict the weighted contribu
tions of each carbonaceous component's extinction coef
ficient on the overall magnitude of the peaks. The SWNTs
have very pronounced intensities at the selected peaks in
comparison to the carbonaceous impurities (purified SWNTs
have ~3x the extinction coefficient as the representative
carbon impurities in the form of NC13J7). Therefore, the
extent of SWNT contribution will directly correspond to the
observed changes in absorbance peak maxima ratio, as
described in the following derivation:
The absorbance (A) of an SWNT-containing DMA disper
sion at either the s22 orMu peak is equal to the extinction
coefficient of the dispersion (cd) multiplied by the concentra
tion of the dispersion (cd) for a constant path length (see eq
1 ). (The
s
22 peak is represented by the superscript S, and
the MJ?n peak is represented by the superscriptM.) The ex
tinction coefficient of the dispersion, d, represents a weight
ed contribution from the extinction coefficients of the SWNTTs
(eT) and carbon impurities (cr) present, with the weighting
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Themajor advantage ofusing the absorbance peakmaxima
ratio for purity assessment, aside from the simplicity, is that
it is dispersion-concentration independent (as is evident by
eq 1), provided the DMA dispersion is below the purified
SWNT dispersion limit. With rearrangement, the ratio of







The mass fraction of SWNTs in the carbonaceous material,





Although a simple quadratic approximation can be used
to fit the data (with anff > 0.999) in Figure 2, the
appropriate calibration curve is based on application of the
physically based Beer's Law ratio function, eq 3. Therefore,
purity assessment during the present work will be based on
the calibration curve generated from eq 3, and represented
as the solid line (R2 = 0.9996) in Figure 2. The curve-fit
parameters (calculated using the general curve fit in the
KaleidaGraph software package) are the extinction coef
ficients of carbon impurities and SWNTs at each peak
maximum. The values extracted from the curve fit are the
following: sea = 16.0 (mL-mg-1-cm-1); Mea = 26.1
(mL-mg-1-cm-1); MsT = 40.2 (mL-mg"ucm-1); and seT =
45.0 (mL-mg-1,cm_1). Previous work has experimentally
determined the value of the extinction coefficients for NC
and purified
laser-SWfNTDMA dispersions at the s22 and
MEn peaks using a Beer's law analysis from concentration
dilutions.13'37 The self-consistency between the curve-fitted
values and the experimental extinction coefficient values
(within 3%) is a testament to the quality of the constructed
sample set and the utility of eq 3 for purity assessment. It is
important to note that overlap of SWNT electronic transitions
can influence any experimentally calculated e, but the value
derived from selecting the peak maximum will be the least
sensitive to this effect. The use of calculated extinction
coefficients from a different SWNT sample maintains the
aforementioned assumption that SWNT samples being
analyzed have a similar S/M since the magnitude of the
extinction coefficient values are a convolution of the extinc
tion properties with the inherent
S/M13
R Material Characterization. To ensure proper mea
surement accuracy and reproducibility, characterization of
SWNT-containing samples must be performed on representa
tive portions of a homogeneous sample. Since the laser
vaporization process produces raw soot with a random
mixture of SWNTs and synthesis byproducts, it is imperative
as a first step prior to characterization of the raw soot to
Landi et al.
homogenize the materials. In the present case, a solution
process is utilized whereby the raw soot is mixed with
acetone and sonication, magnetic stirring, and filtration are
performed to produce the homogenized raw soot (raw
SWNT-HO). The efficacy ofthis procedure was investigated
with five representative portions for analysis using TGA and
optical absorption spectroscopy. The designation of "ho
mogenized"
was given to samples when experimental data
between portions overlaid to within a standard deviation of
1%. For raw soot which undergoes the acid-reflux step
(SWNT-reflux), it is not necessary to pre-homogenize, since
this step produces homogenizedmaterials in the process. This
assertion is based upon results from the same analysis criteria
on five portions of a SWNT-reflux paper.
The use of an acid reflux as the initial step in the
purification of raw laser SWNT soot is quite
common.23'2'
The removal of the metal-catalyst impurities (Ni, Co, etc.)
by dilute mineral acids is
well-known,7"
and control over
the chemical oxidation process on SWNT quality through
reflux time has been
investigated.23 The acid-reflux process
promotes acid intercalation into the SWNT
bundles,75,76
with
the resulting effects of SWNT debundling in solution,
facilitating a uniform chemical
exposure.62
This process
promotes chemical oxidization of the carbonaceous compo
nents (both the impurities and the defect sites on the
SWNTs).23'42 The chemical functional ization of carbon
impurities is highly advantageous for subsequent removal,
but surface functionalization (chemical oxidation) and chemi
cal doping of the SWNTs can also occur in the presence of
these
conditions.42'77'78
However, these effects are not
problematic since post-reflux thermal-treatment steps have
been shown to remove intercalated acid and oxygenated
functional groups on
SWNTs.23-42
In the present case, a conventional acid-reflux step was
employed including a subsequent solventwashing to remove
functionalized carbon impurities. The acid reflux consisted
of a mixture of dilute HN03 and HC1 to enhance the
oxidizing effects and solubility of both nickel and cobalt
metal
catalysts.74 The oxidized carbon impurities were
removed with alternating
acetoneH2O washes. The ef
ficiency of the process (mass retention and purity) can be
calculated from purity assessment of the raw soot and
refluxed samples with the corresponding mass yield after
the purification steps. Shown in Figure 3 are the optical
absorption data for 3 t^g/mL DMA dispersions of raw
SWNT-HO and SWNT-reflux samples. The purified SWNT
sample
("100%"
from the constructed sample set) Ls overlaid
in the figure for comparison. Using eq 3, the calculated
'wsvrais is 19% for raw SWNT-HO and 59% for SWNT-
reflux Given themass yield of32%w/w after the acid reflux,
(74) Greenwood, N.N.; Earnshaw. A. Chemistry oftheElements. Pergamon
Press Ltd.: New York. 1984.
(75) Bower. C; Klcinhammes. A.; Wu, Y.; Zhou. O. Chem. Phvs Lett
1998, 288, 481-486.
(76) Martinez, M. T.; Callejas. M. A.; Benito, A. M.; Cochet, M.; Sccger,
T.: Anson. A.; Sclireiber. J.; Gordon, C; Martiic. C; ChauveL O;
Maser, W. K. Nanotechnology 2003, 14, 691-695.
(77) Monthioux,M.; Smith. B.W.; Burteaux, B.; Claye, A.; Fischer. J. E.;
Luzzi, D. E. Carbon 2001, 39, 1251-1272.
(78) Hennrich, F.; Wellmann. R.; Malik, S; Lebedkin. S.; Kappes, M. M.
Phys Chem. Chem. Phys. 2003, J, 178-183.
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Figure 3. Optical absorption data for 3^g/mLDMA dispersions of raw
SWNT-HO (O) and SWNT-reflux () samples in comparison to the
" 100%"
sample from the constructed sample set (D) The calculated ^wht, using
eq 3 for the raw SWNT-HO and SWNT-reflux are listed as 1 9% and 5S%
w/w, respectively. The peak maxima tie lines illustrate the relative changes
in absorption due to the sample purity The data are offset in the^-axis for
clarity.
solvent wash, and sample diying at 200 C, there is nearly
100% w/w retention of the SWNTs after these purification
steps. This result is in contrast to some nitric acid purification
reports on arc-produced SWNTs which cite SWNT destruc
tion from similar acid-reflux conditions5271 and is attributed
to the quality of laser-produced raw
soot.15
As a comparison, the cwswnts of an SWNT paper from
acid reflux without the
acetone
HjO washing is 21% w/w,
which reflects a slight increase in carbonaceous purity over
the raw soot This result is supported by the clear differences
in filtrate color and composition for the two filtration steps.
During the standard acid-reflux filtration, the filtrate is amber
in color, which is attributed in part to the dissolved metal
catalystbut is mostly due to functionalized carbon impurities
(NC acid refluxed under the same conditions without the
presence of any metal catalysts showed the same color).
However, the acetone wash produces a turbid-black filtrate
which shows identical optical absorption characteristics to
the NC materials, thus indicating removal of carbonaceous
impurities.
The morphological changes in the raw soot from die acid
reflux
acetone wash steps can be qualitatively evaluated
using SEM Shown in Figure 4 are representative SEM
images of the (a) raw SWNT-HO and (b) SWNT-reflux
samples. The typical morphology of amorphous carbon and
metal-catalyst impurities mixed with the SWNT bundles is
observed in the raw SWNT-HO sample. The SWNT material
after the acid reflux and acetonewash shows a significantly
improved morphology as seen in Figure 4b. The presence
of entangled SWNT bundles, with only (racemetal catalyst
and significantly reduced carbon impurities, is clearly
observed.
The Raman spectra for the raw SWNT-HO and SWNT-
reflux samples are obtained from a 1.96 eV (He/Ne laser)
Figure 4. SEM images of (a) raw SWNT-HO and (b) SWNT-reflux
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Raman Shift (cm"1)
Figure 5. Raman spectra for raw SWNT-HO (O) and SWNT-reflux (*)
samples at a laser excitation energy of 1.96 eV The inset overlays depict
the radial breathing mode (RBM) region from 100 to 250 cm-1 and the
O'-band region from 2300 to 2900 cm-1. The spectra are offset in rhey-axis,
and peak values are labeled for clarity.
excitation and are depicted in Figure 5. The characteristic
spectrum for laser raw SWNT soot is apparent with theRBM
range of 140-200 cm"1 (corresponding to a diameter range
of 1.2-1.5 nmfor bundled SWNTs7'). TheD-band at ~1320
cm-1
originates from multiple resonance effects, arising from
SWNT defects or carbonaceous impurities.32'80 The G-band
ranges from ~1350~1600 cm-1 and is composed of two
components from symmetry-allowed vibrations in the SWNT
axial (denoted as G+ at ~1590 cm-1) and circumferential
(denoted as
G"
over the range of ~1350-1550 cm-1, with




data displays the broad
(79) Rao,A M., Chen, J.; Richter, E , Schlecht, TJ.; Eklund, P. C; Haddon
R C
, Venkateswaran, U D.; Kwon, Y.-K., Tomanek D Phys Bev
Lea. 2001, 86, 3895-3898.
(80) Dillon, A C; Parilla, P. A.; Alleman, J. L; Gennett, T.; Jones, K
M., Heben, M J. Chem. Phys. Lett. 2005, 401,
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asymmetric
BreitWignerFano (BWF) line shape (because
of discrete phonon coupling to a continuum of electron
density) for resonantly enhanced metallic
SWNTs.83'8'1 The
G'-band observed at 2622 cm-1 results from a two-phonon
scattering which is explained by double resonance theory
and is known to be highly sensitive to the density of
electronic states for the resonantly enhanced
SWNTs.32|S1'85
Comparison of the Raman spectra for raw SWNT-HO and
SWNT-reflux samples (Figure 5) indicates several pro
nounced effects from the purification step (acid
reflux-
acetone wash). The data for the RBM and G'-band are
highlighted by the insets in Figure 5. Nitric acid exposure
on SWNTs is notorious for modifying the Raman spectra
due to charge-transfer effects, which alters the electronic
density of
states.42-57'62'76,86'87 This effect is manifested in
relative Raman intensity quenching and peak upshifts (shifts
to higher corresponding frequencies). The quenching of the
SW^NT-reflux Raman intensity in comparison to the raw
SWNT-HO is evident for the RBM (factor of 3), relative to
the G+-band intensity. The RBM in the SWNT-reflux also
shows a slight upshift in the observed peakmaximum at 1 69
cm"1
compared to the corresponding raw soot value at 164
cm-1. The D-band between samples shows minor peak
changes, but the general peak position and structure (sharp
underlying SWNT peak and a broad am orphous carbon peak)
is consistent with recent work.80 The G+-band peak shifts




mode, indicative of the
BWF line shape observed in the raw SWNT-HO, is
significantly quenched during the acid-reflux step, consistent
with charge transfer from the metallic
SWHSfTs.8'1'87 The G'-
band also shows a relative intensity quenching (factor of 2),
in relation to the G+-band, for SWNT-reflux as compared
to the raw SWNT-HO. The most prominent upshifts,
however, are observed in the G'-band peak (from 2622 to
2637 cm-1), which appears to be highly sensitive to acid-
doping effects.
The TGA data for raw SWNT-HO and SWNT-reflux
samples under 60 seem flowing air and a ramp rate of 10
C/min are compared in Figure 6. The initial decrease in
mass for the SWNT-reflux sample below 300 C is typical
of residual acid and adsorbed water in the
sample.23 The
change in TGA residue at 800 C is also apparent in Figure
6a, with the average from five analyses listed for the raw
SWNT-HO (9.6% w/w) and SWNT-reflux (7.1% w/w). In
both samples, the residue value constitutes the metal oxide
present, except for the possibility of other thermally stable
(81) Dresselhaus. M. S.; Dresselhaus, G.; Jorio, A.; Souza Filho, A. G.;
Saito, R. Carbon 2002, 40, 2043-4061.
(82) Jorio, A.; Pimenta,M. A.; Souza Filho. A. G.; Saito, R.; Dresselhaus,
G.; Dresselhaus. M. S. New J. Phys. 2003, 5, 139.1-139.17.
(83) Brown, S. D.M; Jorio, A.; Corio, P.; Dresselhaus,M. S.; Dresselhaus,
G.; Saito, R.: Kneipp, K. Phvs Rev. B 2001, 63, 155414.
(84) Rao, A. M.; Eklund. P. C; Bandow. S.; Thess, A.; Smalley. R. E.
Nature 1997, 388, 257-259,
(85) Souza Filho, A. G.; Jorio, A.; Swan, A. K.; Until, M. S.; Goldberg,
B. B.; Saito, R.; Hafner, J. H.; Lieber, C. M.; Pimenta, M. A.;
Dresselhaus. G.; Dresselhaus. M. S. Phys. Rev. B 2002, 65, 085417.
(86) Zhang, X.; Sreekumar, T. V.; Liu. T.; Kumar. S. J. Phys Chem. B
2004,108. 16435-16440.
(87) Zhou. W.; Vavro, J.; Nemes. N. M.; Fischer. J. E.; Borondics, F.;









Figure 6. (a) TGA data for raw SWNT-HO (O) and SWNT-reflux ()
samples. The TGA was ramped at 10 C7min for each thermogram under
60 seem flowing air. The average residue from five analyses is listed for
each sample, determined at 800 C. (b) TGA data from the first derivative
analysis of the weight loss (%/C) for raw SWNT-HO (O) and SWNT-
reflux () samples. The peak maxima for the prominent thermal-
decomposition features are labeled for clarity.
synthesis impurities (such as
Si02).3 Since the raw soot
contains pure metal from laser synthesis, the TGA is
thermally oxidizing the metal particles. The actual % w/w
metal impurities in the raw soot is calculated using an
adjustment for the oxidation process (relative mass is
calculated assumingNi/Co metal is 76% of the TGA residue
value for a 50:50mixture and oxidation to NiO and C03O4).
In the case of the SWNT-reflux sample, there should be
complete (or partial if encapsulated metal catalysts are
present) chemical oxidation by the acid, resulting in metal
oxides in the acid-refluxed sample. Then, the actual % w/w
impurities in SWNT-reflux are already metal oxide and are
equivalent to the measured TGA residue.
Most purification steps involve an acid or thermal process
to oxidize the metal-catalyst impurities for removal. There
fore, it is convenient to interpret the TGA data in a way that
the relative fraction of metal oxide to SWNTs can be
calculated and the subsequent metal-catalyst removal can be
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monitored. The mass fraction of metal oxide to SWNTs
Ch-mo) will reflect the change in TGA residue in relation to
the 'Wswnts- For the raw SWNT-HO sample, the calculated
!wmc- is 50% w/w since the ch'swnts is 19% and the TGA
residue is 9.6%. After acid reflux, the 'wM0 improves to 12%
w/w given the fact that the cwSwnt> has increased to 59%
w/w. Although the acid-reflux step shows a lower TGA
residue value, the more importantmetric for SWNT purifica
tion is the reduction in swM0, which reflects the removal of
metal-catalyst impurities in relation to SWNTs.
The other major trend between samples is the progression
to a higher decomposition temperature for the SWNT-reflux
material. This is demonstrated in Figure 6b by the first
derivative weight-loss curves for each sample. The raw
SWNT-HO data reflects two major transitions with the
prominent peak maximum at 427 C and a minor shoulder
at 560 C. The common interpretation for this type of raw-
soot TGA data is that the transitions are attributed to
amorphous carbon and SWNTs, respectively, from low
(~300-400 C) to high temperature (typically > 400
eg jn addition, some groups have tried to
infer purity levels from evaluating the integrated area of the
first derivative peaks using multiple Lorentzian curve
fit-
ting.12^'51-53 The ability to identify independent regions of
combustion for SWNTs and carbon impurities (if they exist)
would be extremely advantageous to purity assessment and
purification monitoring. However, there has been no verifica
tion of the specific temperature or range of temperatures in
which SWNT decomposition solely occurs. Furthermore, the
effects of metal-catalyzed precombustion, especially in the
raw soot, have not been fully considered. The SWNT-reflux
data also show two major transitions, but shifted to higher
temperatures, namely, peak maxima at 503 and 598 C,
respectively. The acid-reflux results are similar to previous
work, in which the authors cited the lower-temperature
transition to functionalized carbon impurities and the higher-
temperature transition to
SWNTs.23 There are similarities
between the TGA data, but material tolerance to thermal
exposure is clearly different.
C. Thermal Oxidation Profiling (TOP). The general idea
of thermal oxidation profiling (TOP) is to monitor any
changing properties of SWNT samples at incremental
intervals over a prescribed temperature range. In the present
work, the establishment of a TOP during thermal decomposi
tion of raw and acid-refluxed samples is performed. Each
sample measurement is conducted by using ~1 mg of the
SWNT-containing sample in the TGA and ramping from 25
C at 10 C/min under 60 seem flowing air to the desired
temperature and stopping or holding isothermally for a
desired duration. In the case of raw SWNT-HO, the tem
perature range is 250-525 C, at 25 C intervals. For the
SWNT-reflux sample, the temperature range is 250-575 C,
with 50 C intervals from 250 to 400 C and then 25 C
intervals to 575 C.
The current TOP consists of two data sets: (1) the
calculated SWNT mass fraction of SWNTs in the carbon
aceous material, cwSwnts, and (2) the corresponding SWNT
mass retention (R) in each sample. After each thermal
treatment, a portion of the rem aining sample is dispersed in
DMA at 3 fig/mL (below the dispersion limit), and "wswnts
is calculated using the purity assessment protocol established
in partA of the Results and Discussion section. The SWNT
mass retention (71) represents the ratio of SWNT mass
remaining after thermal treatment (mswNTs)r in relation to the





The mass of SWNTs is equal to the weight fraction of
SWNTs in the carbonaceous material, 'Wswnts, multiplied






The original SWNT-containing sample mass (msamr\c)0 is a
sum ofboth the carbonaceous material (moaAo^ictoiis)o and the
metal-catalyst oxide residue (m^ad)*.
V carbonaceous/o ^ sample/o v"*metalJo (7)
During the TOP, the TGA measures the weight change
from the thermal oxidation of the carbonaceous materials.
The mass of carbonaceousmaterial retained (mc.^,mms)t is
determined by subtracting the mass of carbonaceous material
thermally oxidized during treatment (mc^,m.cms\ and the














In the case ofpurification procedures, the TOP data can also
be presented in the form of the purification efficiency (PE)
at each thermal oxidation step:
PE = (^XXwNTs), (10)
The original mass is measured by the TGA instrument
microbalance, and the weight change is analyzed upon
completion of the temperature profile. The mass of metal
oxide is based on the average value determined previously
from five sample measurements to detennine homogeneity
(i.e., 9.6% w/w for raw SWNT-HO and 7.1% w/w for
SWNT-reflux). Given the experimental uncertainty of 1.5%
for the purity assessment procedure and homogenization error
for TGA data (1.0%), the experimental uncertainty for
calculated SWNT mass retention values is propagated to be
2.5%88
D. TOP of Raw SWNT Soot. The TOP for raw SWNT-
HO samples (~1 mg) is shown in Figure 7 and corresponds
to data obtained after a thermal ramp at 10 C/min to each
temperature. The SWNT mass retention (R) is relatively
constant until ~350 C, where the values begin to sharply
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Figure 7. Thermal oxidation profile (TOP) for raw SWNT-HO depicting
the SWNT mass retention, R, () and SWNT weight fraction in the
carbonaceousmaterial, 'tvswnt*, (O) as a function of temperature treatment
(i.e., ramp 10 "C/min to temperature-stop and then analyze). The dashed
line represents the TGA data for raw SWNT-HO (with the corresponding
><-axis label beingweight change (%) as in Figure 6a).
decrease. The general trend in 'Vswnts is constant purity to
-400C and then a steady decline to <5% at 525 CC. The
dashed line in Figure 7 is the TGA thermogram for raw
SWNT-HO (with the corresponding y-axis label being weight
change (%) as in Figure 6a). Thus, the TOP indicates that
the onset of decomposition for the SWNTs is nearly
equivalent to the overlaying TGA curve. The TOP shows
~50% destruction of SWNTs by ~425 C, which is
comparable to the peak maximum at 427 C in the TGA
first derivative weight-loss curve of raw SWNT-HO inFigure
6b. Therefore, the results imply that the first major transition
in a thennogram of raw soot contains the thermal decom
position of the SWNTs. The SWNTs are almost entirely
decomposed by 500C. The shoulder at a higher temperature
is not significantly enriched with SWNTs but is due to
remaining carbonaceous impurities. Purified laser SWNTs
are reported to decompose at ~770 C.13 Therefore, the
lower-temperature decomposition (peaked at ~425 Q in
the raw SW'NT-HO sample is presumably due to an interac
tion of SWNTs with other constituents remaining from
synthesis.
These TOP results are supported by the Raman data for
each sample after temperature treatment. Shown in Figure 8
is the RBM at representative temperature intervals. The
general trend is a constant diameter distribution with no
apparent peak shifts until 450 C. Then, the relative peak
intensities exhibit an attenuation of the corresponding
higher-
frequency peaks, indicating removal of smaller SWNT
diameters from the distribution. The progressive thermal
(88) It should be noted that analysis of raw soot actually has die underlying
oxidation ofmetal-catalyst impurities convolved with the carbonaceous
material oxidation. Since the extent of metal-catalyst oxidation is
varying throughout the decomposition range, subtraction by the total
residue value will estimate the total effects of metal oxidation on any
weight change increase. Therefore, this assumption will underestimate
the value ofJ? until tile temperalure at which equivalentmetal oxidation
has occurred with the residue value. However, this correction factor
is still less at any given point than the experimental uncertainty of
2.5% established for the current TOP technique.




Figure 8. Raman data at select temperature intervals for raw SWNT-HO
samples in the region of the radial breathing mode (RBM) at a laser
excitation energy of 1 .96 eV. The effects of the thermal oxidation on removal
of the higher frequency peaks (i.e., smaller-diameter SWNTs) is observed
al higher temperatures.
increment to 500 C shows the continued trend toward higher
thermal stability for larger-diameter SWNTs, as has been
suggested
previously.55 The changes in the diameter distribu
tion correlated with the observed 'wSwm, trend in the TOP,
which depicts the gradual decrease in SWNT content above
400 C. Further evidence for this trend comes from Figure
9, which evaluates the D- and G-bands of the raw SWNT-
HO sample at representative temperature intervals for the
TOP. Again there are no apparent shifts in any peak
positions, but the obvious trend is the increase in relative
intensity of the D-band to the G+-band. This ratio is
qualitatively used to evaluate the defect content or fraction
of carbon impurities present in a SWNT sample.3'32'80 The
significant enhancement in the D/G ratio at 500 C is
attributed to a decrease in SWNT content and'or disruption
of the structural integrity for SWNTs present. Overall,
evaluation of both the TOP and Raman data suggests that
there is no temperature range during thermal oxidation in
raw soot which is solely due to SWNT combustion and
independent of impurity influence.
The concurrence between the onset of decomposition for
raw SWNT-HO and the decrease in R is a result of the
underlying mechanism for thermal oxidation in these samples.
Shown inFigure 1 0 are the first derivative weight-loss curves
for raw SWNT-HO in comparison with nanostructured
carbon (NC) and the pure metal catalysts used during
synthesis (Ni and Co). The similarity in thermal decomposi
tion for NC and the shoulder in the raw SWNT-HO are
consistent with the observation in the raw soot TOP for
carbonaceous impurities of comparable morphology to be
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overoxidized, flowing air
environment.89^0 It is well-known
that catalytic gasification of carbon by 02 and metals lowers
the carbon decomposition by several hundred degrees,
depending on the
metal.89
In the present case, the incorpora
tion of pure metal catalysts in the raw SWNT soot further
promotes catalytic gasification. The onset of thermal oxida
tion at ---300 C for pure Co metal to form the stable solid
oxide, C03O4, and pure Ni metal to form the stable solid
oxide, NiO, is observed in Figure 1 0. The reported heats of
formation (Afff) for these oxides at 25C is 213 kcal/mol
and 57.3 kcal/mol,
respectively.91 The exothermicity of
these reactions is more than sufficient to initiate thennal
oxidation of the carbonaceous components (given that
reported activation energies for graphitized carbon oxidation
are typically small, 6.4 kcal/mol89). Propagation of the carbon
combustion can occur by additional metal-catalyst oxidation
and the formation ofCO(g) and C02(g) (AHf= -26.4 kcal/
mol and 94.0 kcal/mol, respectively). This mechanism is
consistent with exothermic reactions where the transition state
energy is near the energy of the starting materials (i.e.,
Hammond's Postulate).92 Furthermore, it is reasonable to
assume that Co and Ni atoms bound directly to the SWNT
backbone (which are observed by TEM prevalently in the
literature62'77-93) will catalytically lower the energetic transi
tion state for carbon oxidation and initiate localized combus
tion89
These results are in agreement with the recent
discussion involving raw soot combustion initiated by
light9"'95
The raw soot TOP is consistent with the previous sug
gestion that the global oxidation of raw soots at lower
temperature (~300-500C) is insufficient at purifying the
materials to an appreciable
level.40
Unfortunately, many
groups have utilized low-temperature oxidations in air (from
250 to 470 C) as an initial step in the purification process
for raw soots.1""9.42-53.58*0-".*3 However, the prospect of
thermally removing non-SWNT carbon without activating
the metal-catalyst oxidation is improbable based on the
current TOP results. Removal of the metal-catalyst impurities
is deemed to be paramount to a high SWNT purification
efficiency. Therefore, purification approaches which are
selective to the metal (both bound catalyst particles and
catalyst particles being encapsulated within a carbonaceous
shell) are very important to develop. Alternative purification
treatments to
"crack"







may offer tremendous potential given the estab-
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Figure 9. Raman data for raw SWNT-HO samples at select temperature
intervals in the region of the D- and G-Bands at a laser excitation energy
of 1.96 eV. The progressive increase in the D/G relative intensity ratio
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Figure 10. TGA first derivative analysis of the weight loss (%/C) for
raw SWNT-HO in comparison to cobalt metal catalyst (<2 ^m), nickel
metal catalyst (submicron), and nanostructured carbon (NC). The TGA was
ramped at 10 C/min for each thermogram under 60 seem flowing air. The
temperature equivalence for onset of thermal decomposition between raw
SWNT-HO and Co metal-catalyst oxidation is clearly shown.
stable above 500C. Evident from the data is the temperature
equivalence in thermal oxidation for the pure metal catalysts,
particularly Co and raw SWOT-HO. It is suggestive, then,
that the global oxidation for raw soot inferred from the TOP
data is initiated by metal-catalyst oxidation reactions at these
temperatures.
The combustion of raw SWNT soot is typical of various
carbon allotropes mixed with metal oxides, especially in an
(S9) Kinosllita, K. hi Carbon: Electrochemical and Physicochemical
Properties; John Wiley & Sons: New York, 19SS; pp 174-195.
(90) Stanmore, B. R.; Brilhac, J. F.; Gilot, P. Carbon 2001 39 1241-
226S.
(91) Handbookof Chemistry and?/iyjicj. 71st ed.: CRC Press' BocaRaton
FL, 1990.
(92) Lowry. T. H.; Richardson, K. S. InMechanism and Theory in Organic





(93) Alvarez, W. E.; Kitiyanan, B.; Borgna, A.; Resasco, D. E. Carbon
2001, 39, 547-558.
(94) Ajayan, P. M.; Ten-ones, M; de la Guardia, A.: Hue, ~V.; Groberl,N
Wei, B. Q.; Lczec, H.; Ramanath, G.; Ebbesen, T. W. Science 2002
296, 705.
(95) Bockrath, B.; Johnson, J. K.; Sholl, D. S.; Howard, B.; Matranga C
Shi, W.; Sorescu, D.; Ajayan, P. M.; Ramanath, Terrones.M :
Ebbesen, T. W. Science 2002, 297, 192-193.
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Figure 11. Thermal oxidation profile (TOP) for SWNT-reflux depicting
the SWNT mass retention, R, () and SWNT weight fraction in the
carbonaceous material, 'tvswnts, (CO as a function of temperature treatment
(i.e., ramp 10 C/min to temperature-stop and then analyze). The dashed
line represents the TGA data for SWNT-reflux (with the corresponding
label being weight change (%) as in Figure 6a).
lished metric for comparison. On the basis of the raw soot
TOP, the commonly accepted view that SWNT-containing
samples will always decompose in the order of amorphous
carbon impurities first and then SWNTs is shown to be
incorrect. The misconception, although relevant to raw
SWNT soot, may not be applicable to processed materials
such as acid-refluxed samples which have completely dif
ferent sample morphology and potentially different thermal
oxidation profiles.
E. TOP of Acid-Refluxed SWNTs. Investigation of the
SWNT-reflux TOP is displayed in Figure 1 1 for data
obtained after a thermal ramp at 10 C/min to each
temperature for the SWNT-reflux samples (~1 mg). The
SWNT mass retention (K) shows minor fluctuations but
ultimately retains ~65% SWNTs at 575 C. The dashed line
in Figure 1 ] is the TGA thermogram for SWNT-reflux (with
the corresponding y-axis label being weight change (%) as
in Figure 6a). The lack of correlation between R and the
thermogram for SWNT-reflux indicates that a different
thermal oxidation mechanism exists for the SWNT-reflux
sample. The 'w'swnts shows aminor decrease in purity, ~5%
from 300 to 400C, but the most striking change is between
475 and 525 C, where the sample purity changes from
-60% to >90% over the span of 50 C. The inflection point
for the 'wswnts data occurs at the first transition's peak
maximum in the SWNT-reflux first derivative weight-loss
data (see Figure 6b). Therefore, the drastic increase in SWNT
purity occurs after the lower-temperature peak in the first
derivative data is nearly removed. This result on purity for
SWNT-reflux Is in contrast to that for raw SWNT-HO;
although, both samples showed very similar first derivative
curves, just SWNT-reflux is shifted to a slightly higher
temperature. Therefore, simple inspection of first derivative
curves is very ambiguous for a qualitative interpretation of
(96) Sadana, A. K.; Liang. F.; Brinson, B. E.; Arepalli, S.; Farhat, S.; Hauge.
R. H.; Smalley. R. E.; Billups. W. E. J. Pliys. Chem. B 1005. 109,
4416-4418.




Figure 12. Raman data for SWNT-reflux samples at select temperature
intervals in the region of the radial breathing mode (RBM) at a laser
excitation energy of 1.96 eV. The restoration of the RBM intensity and
peak downshift at higher temperature is observed.
the decompositionmechanism and SWNT purity, especially
without prior knowledge of specific purification conditions.
Analysis of the thermal treatment intervals on the Raman
modes can provide a direct probe of the doping effects from
variations in SWNT electronic states.35-42-44-62'86'87*7 The
corresponding peak frequencies and degrees of shifts for
acid-
exposed SWNT samples will be sensitive to the acid content
and degree of intercalated species present, in turn providing
a purification monitor for removal. Shown in Figure 12 are
the RBMs at representative temperature intervals from the
TOP for SWNT-reflux samples. The restoration of the RBM
features after high-temperature treatment (400500 C) is
consistent with previous
work.42'57'62'76'86 The prominent peak
at 169
cm-1 in the SWNT-reflux begins downshifting during
the thermal treatment, initially at 450 C, with a convergence
to 164
cm-1
at thermal exposures >500 C. The correspond
ing peak frequencies for the RBM and other major Raman
modes at each temperature interval in the SWNT-reflux TOP
are listed in Table 1. The RBM distribution for the 575 C
sample is from 140 to 200 cm""1, which corresponds to the
equivalent range of SWNT diameters observed in the raw
SWNT-HO. Although in some instances nitric acid process
ing has been reported to remove smaller-diameter SWNTs,36'86
in the present case the diameter distribution during the acid-
reflux process is tolerant to the acid and thermal conditions.
This result is not surprising, given that the predominant
diameter distribution for the laser SWNTs synthesized in this
work is calculated to be from 1.2-1.5 nm13 and the previous
(97) ltkis.M. E.: Niyogi, S.:Meng, M. E.; Hamon,M. A.; Hu, H.: Haddon
R. C. Nano Leu. 2002, 2, 155-159.
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Table 1. Raman Peak Frequencies (1 cm-1 for the Major Modes at
1.96 eV Excitation) of the SWNT-Reflux TOP Samples In
Comparison to Raw SWNT-HO
RBM D-band G+-band G'-band
sample
(cm"1
) (cm"1) (cm-') (cm-')
SWNT-reflux 169 1326 1591 2637
reflux
- 250 C 169 1324 1591 2635
reflux- 300C 169 1324 1591 2635
reflux
- 350C 169 1324 1591 2634
reflux
- 400 C 169 1323 1591 2633
reflux
- 425C 169 1323 1591 2632
reflux- 450 "C 169 1323 1590 2631
reflux
- 475 C 166 1321 1590 2628
reflux
- 500C 164 1319 15S7 2625
reflux
- 525 C 164 1319 15S5 2622
reflux- 550C 164 1318 1583 2622
reflux
- 575 C 164 1317 1583 2622
raw SWNT-HO 164 1315 1583 2622
results on HiPco materials86 showed that SWNTs with
diameters <] nm were digestedwith dilute HNQj solutions.
The effects of the thermal treatments on the D- and G-
bands for the SWNT-reflux sample are shown in Figure 1 3 .
The narrowing in the D-band structure is obvious at
higher-
temperature treatments, which illustrates the progressive re
moval of the broad amorphous carbon peak underlying the
relatively sharp SWNT feature. The peak for the D-band also
downshifts from the SWNT-reflux value (1326 cm"1) to
approximately the same corresponding frequency as the raw
SWNT-HO for the sample treated at 575 C (see Table 1).
The slight offset in D-band peak position between raw
SWNT-HO (1315 cm-1) and the high purity sample after
575 C(1317 cm-1) is attributed to the removal of underlying
carbonaceous impurities, which is superposed with the raw




Figure 13. Raman data for SWNT-reflux samples at select temperature
intervals in the region of the D- andG-bands at a laser excitation energy of
1 .96 eV. Tlie decrease in D/G relative intensity ratio and restoration of the
BWF line shape for the
G"
band is apparent with higher-temperature
treatment.







Raw SWNT-HO = 2622
cm"'
100 200 300 400 500 600
Reflux TOP Temperature (C)
Figure 14. G'-band peak position in theRaman data from a laser excitation
energy of 1.96 eV for SWNT-reflux samples at designated
temperature
intervals from the thermal oxidation profile (TOP). The dashed line
represents a weighted trendline through the data points for visual clarity.
The solid line indicates the G'-band peak position of raw SWNT-HO at
2622 cm"1.
SWNT-HO peak (theD-band peak forNC is at 1308 cm"1).
The G-band displays two major changes during the thermal
treatments to higher temperature, namely, restoration of the
BWF line shape for the
G~
peak and the downshift in the
G+
peak (see Table 1). The effects of SWNT bundling are
not expected to explain such changes in the
G-band,98
since
all samples are analyzed from the same solid paper where
the bundling state was predetermined from the filtering step.
Rather, these changes are simply due to the removal of acid
and the corresponding doping effects on the SWNT-reflux
sample.
Themost prominentRamanmode affected by acid-induced
charge-transfer effects is the G'-band peak. The correspond
ing peak frequencies at each temperature interval are listed
in Table 1 and plotted in Figure 14. The increase in
temperature progressively downshifts the G'-band in the
SW^NT-reflux sample. The inflection point in Figure 14
occurs at '-475C, which also corresponds to the temperature
where each of the other Raman modes (RBM, D, and G)
begin downshifting from the acid-doped peak position. The
eventual convergence of the G'-band peak frequency to 2622
cm-1, equal to the raw SWNT-HO, represents the undoped
state. Therefore, thermal treatments from a ramp of 10 C7
min to 500 C are required to fully remove acid from the
reflux process. This assertion is consistent with recent work
on SWNT-templated ordering of acid molecules in the
SWNT bundles which render higher stability." The acid-
doping results are not proposed to be purity dependent, since
purified SWNT papers exposed to HNQj show reversible
doping effects upon heating. Therefore, the corresponding
peak frequency of the G'-band is a highly sensitive probe to
doping effects in SWNTs and can be used to monitor acid
doping from the reflux process.
(98) Bendiab, N.: Almanac. R; Paillet, M.; Sauvajol. J.-L. Cliem. Phys.
Lett. 2003, 372. 210-215.
(99) Zhou, W.; Heiney, P. A.; Fan. H.; Smalley, R. E.: Fischer, J. E. J.
Am. Chem. Soc 2005, 127, 1640-1641.
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The dramatic difference in TOP results for SWNT-reflux
compared to raw SWNT-HO is attributed primarily to
chemical oxidation of the metal-catalyst impurities. However,
there is an observed decrease in purity from 300 to 400C
in the SWNT-reflux sample. This is possibly due to residual
metal-catalyst impurities that were either encapsulated during
the reflux process or only partially oxidized by the acid.
The effects of intercalated acid and carbonaceous coatings
on the electronic transitions of SWNTs are also well-
known.42-57'62'76'86'87
Therefore, the calculated cwSwnt for the
SWNT-reflux sample may be affected by such interactions
at lower temperatures, but acid effects becomemitigatedwith
progressively higher themial treatment. During the reflux,
the acid can react with occluded carbon impurities while
intercalating into SWNT bundles to exfoliate individual
SWNTs and attack carbonaceous coatings. The known effects
of carbonaceous functionalization also contribute to the
change in thermal oxidation behavior between raw SWNT-
HO and SWNT-reflux samples.23 Acid oxidation of carbon
impurities iswell-known to fomi surface oxide groups which
lower the thermal
stability.89
As observed in the TOP, the
removal of such impurities at lower temperature is comple
mented by the rapid increase in SWNT purity at temperatures
higher than 475 C.
F. PurificationMonitoring ofAcid-Refluxed SWNTs,
The TOP analysis of SWNf-reflux shows where the func-
tionalized carbon impurities oxidize preferentially at a lower
temperature than the SWNTs. In fact, at temperatures above
475 C, the SWNT purity rapidly increases to levels
comparable to the
"100%"
reference sample in the con
structed sample set while maintaining a mass retention of
~65% w/w. Therefore, the TOP analysis implies that
optimization of the thermal treatments (time, temperature,
ramp
rate,11
etc.) will have a dramatic effect on the SWNT
retention efficiency. Since most thermal steps in purification
procedures involve an isotherm at a designated temperature,
an understanding of how the exposure time influences the
resulting 'wswnts and R is important. Figure 1 5 depicts R
for SWNT-reflux samples that were all ramped at 10 "CI
minwith the isotherm time at each temperature being varied
(from stop, 30 min, and 60 min). The value of R is
independent of isotherm time until ~400C, when there is
a divergence between the ramp-stop and the isotherm
samples. The separation in R continues as the samples
approach 550 C between a ramp-stop (~65% w/w),
compared to the two isothermal exposures (~35% w/w). The
difference in R is ~30% w/w and illustrates the delicate
balance between the thermodynamics and kinetics of com
bustion in the SWNT-reflux sample, particularly in the
temperature region near the first major decomposition
transition (refer to Figure 6b). The corresponding cwswrs
for each TOP data point at differing isotherms is shown in
Figure 16. The decrease in purity from 300 to 400 C is
observed in each of the isothermal treatments, albeit the effect
is lessened with longer isothenn time. Each of the isotherm
conditions converges at the 100% purity level, although the
inflection point decreases to a lower temperature for the
longer isotherm times (by more than 100 C). The rapid
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Figure 15. SWNTmass retention, R, data for SWNT-reflux samples under
differing isotherm conditions after the 10 C/min ramp to temperature. The
weighted trendlines are shown through the data points for clarity.
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Figure 16. SWNTweight fraction in the carbonaceous material, cwSWHTl
(%), data for SWNT-reflux samples under differing isothenn conditions
after the 10 C/min ramp to temperature. The weighted trendlines are
provided for clarity. The experimental uncertainty for these data is 1 .5%;
however, the error bars are omitted for clarity.
with similar rates of purity change, indicating a transition
state that is dependent on both temperature and time.
The TOP data can also be expressed in terms of the
purification efficiency (PE), which is designated by eq 10
and depicted in Figure 17 for each of the isothenn conditions.
Attempts to establish a purification efficiency are not
newi4j533^9j6,4U2,6i,7i
but ^ me of a purjty-assessment
method13
relying on standards from a constructed sample
set is unique to the present analysis. The present PE value
reflects the quality of SWNTs (maximum percentage of
SWNTs at the highest purity) for a given purification
procedure. The general shifts in SWNT purity inflection
temperature observed in Figure 16 are manifested in the
corresponding PE maxima in Figure 17 over a similar range
of ~100 C, depending on the isotherm time. Ultimately,
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Figure 17. SWNT purification efficiency, PE, data for SWNT-reflux
samples under differing isotherm conditions after the 10 C/min ramp to
temperature The weighted trendlines are shown through the data points
for clarity.
the ramp-stop data features themaximumPE of~73% w/w
between 525 and 550 C. This PE value represents die
benchmark for these purification conditions and can be used
as a metric of comparison for alternative purification steps.
In the current set of isotherm data, the PE assesses themost
appropriate combination of time and temperature for a given
ramp rate of 10 C/min under 60 seem flowing air. As
mentioned earlier, the acid-reflux process employed currently
retains nearly 100% of the SWNTs from the raw soot Given
a PE of 73% for the ramp-stop at 525 "C, the net result is
73% of the SWNTs synthesized during the laser vaporization
process are retained with purity equal to 100% of the
reference standard
G. Kinetics of Thermal Oxidation in Acid-Refluxed
SWNTs. Previous attempts to model the kinetics of SWNT
combustion utilized SWNT samples containingmetal-catalyst
impurities, thus rendering the results suspect based on the
precombustion
effects.60100
The SWNT-reflux paper repre
sents bundles of SWNTs with --^40% carbonaceous impuri
ties, in the predominant form of carbonaceous coatings based
on SEM and TEM. Therefore, isothermal treatment of
SWNT-reflux is expected to result in combustion initiation
at dangling
sp3 hybridized bonds and surface oxides with
propagation to the carbonaceous coatings. The surface
exothermic reactions will produce CO(g) and C02<g) simul
taneously, which can propagate combustion that etches away
the carbonaceous coatings. It is proposed that the combustion
proceeds from the periphery inward to the SWNT bundles,
since the high SWNT thermal conductivity prevents thermal
runaway and the enhanced order in an SWNT bundle (i.e.,
the close-packed array of tubes) promotes higher thermal
stability. Future verification of the kinetic mechanism for
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Figure 18. (a) TGA thermogram for a SWNT-reflux sample ramped at 10
C/min to 400C and held isothermal for 180 mm The second derivative
ofthe weight loss is represented by the dashed line with the peakminimum
labeled and the TGA time range depicted by the gray box The arrowed
numbers represent samples at select time intervals for analysis as shown in
(b), where the effect of isothermal time treatment on the SWNT purification
efficiency, PE, lsdetermined Theweighted trendline through the data points
is shown for clarity. The similarity between the apparent PE maximum
and the second derivative minimum is illustrated by the equivalent gray
box.
SWNT-reflux combustion should be possible through ap
propriate modeling of isotherm data.
The results from the purification monitoring show a
delicate balance of time and temperature on the SWNT
combustion and resultant purity. The ability to utilize kinetic
control during the purification process prompted a further
investigation of isotherm time on the PE. Selection of an
appropriate temperature for isothermal treatment is based on
a thermal level where the PE varies with isothenn time (refer
to Figure 17) and also at a point in the decomposition profile
such that the temperature is high enough for combustion
(refer to Figure 6b). Therefore, 400C is a suitable candidate,
particularly since the onset of themajor transition in the first
146
APPENDIX F: Thermal Oxidation Profiling ofSingle-Walled Carbon Nanotubes {Chem.
Mater. 2005, 17, 6819-6834)
6834 Chem. Mater., Vol. 17, No. 26, 2005
derivative weight loss occurs at this temperature (Figure 6b).
The isothermal TGA curve at this temperature is shown in
Figure 1 8a and depicts the weight change for an isotherm
time of 1 80min (total TGA time of ~220 min includes the
ramp from room temperature to 400 C). Attempts to model
the isotherm data in Figure 1 8a show that the combustion
kinetics for SWNT-reflux samples contain multiple reaction
steps and various reaction orders, as would be expected from
such a sample. Sample aliquots were taken after thermal
treatment at isothenn times of 30, 45, 60, 75, 90, 120, and
180 min (represented by the arrowed numbers in the figure).
The PE for these samples is depicted in Figure 18b and
indicates a relativemaximum at the 75min isothenn sample
(TGA time of 113 mm) with a total PE approaching 75%
w/w. This region ofmaximum PE corresponds to the second
derivative weight-loss curve minimum at 118 min in Figure
1 8a, represented by the gray-shaded box in both parts a and
b of Figure 18. The effects of isotherm time, however, are
entirely dependent on the temperature. A similar kinetic
measurement at 350 C required 720 min to show an
equivalentweight-change plateau in the SWOT-reflux sample,
as observed at ~45% w/w in the 1 80 isotherm at 400 C.
Therefore, the results from both thermal ramp-stop and
thermal ramp-isothermal treatments demonstrate the utility
of a TOP analysis on identifying the experimental conditions
for maximum PE.
Conclusion
The use of thermal oxidation profiling to monitor SWNT
properties over the decomposition range of raw and acid-
refluxed samples has been performed. The onset of decom
position for raw SWNT-HO in the TGA data is shown to
Landi et al.
correspond directly to the decrease in SWNT mass retention
(R) for the TOP. This result demonstrates that the underlying
mechanism for thermal oxidation in raw soots is due to
precombustion from themetal-catalyst impurities. Removal
of the metal-catalyst impurities is, therefore, deemed to be
paramount to a high SWNT purification efficiency. In
comparison, acid-refluxed SWNT samples offer the ability
to control the thermal treatment such that high purification
efficiencies are easily achieved. Itwas demonstrated that the
peak frequency of the G'-band in the Raman spectrum is a
straightforward purificationmonitor to probe the acid doping
during the reflux process. Purification efficiencies of 75%
for select time and temperature conditions demonstrate the
efficacy of a simple acid reflux and thermal oxidation for
laser-produced SWNT purification. In addition, a general
understanding of the SWNT thermal stability and decom
position kinetics for SWNT-containing m aterials has been
obtained. The balance between time and temperature on
thermal oxidation steps for acid-refluxed SWNTs was
systematically identified to enhance purificationmonitoring.
These unprecedented results on characterizing the purification
process and quantifying the mass retention and purity can
enable the reproducible production ofhigh-quality SWNTs.
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Nanocrystals of CuInSj, formed by the thermal decomposition of the molecular single-source
precursor (PPh^CuInf^SEt),!, are functionalized through surface ligand exchange. Single
wall carbon nanotubes are synthesized by a laser evaporation process and are functionalized
with carboxj late groups through acid oxidation at the ends of the tubes and at defect sites
along the sidewalk The nanotubes and nanocrystals are linked together both covalently and
electrostatically, and the products characterized. Such nanotube/nanocrystal conjugates may
prove valuable as additives in flexible polymer photovoltaic devices.
I. Introduction
The lure of large area, inexpensive, and environmentally benign solar cells has attracted many researchers
over the past four decades or so. Recently attention has turned to lightweight flexible organic thin film photovoltaics
based on soluble conducting polymers. This new class of devices relies upon the interaction between a nanomaterial
and a conjugated polymer. The use of conjugated polymers in photovoltaic conversion began in the early 1990's.
Photon absorption in the organic based composites produces bound state excitons. Dissociation of these charge pairs
can be accomplished by the potential difference across a polymer-metal junction provided the excitons are near the
interface. However, the dissociation can also be accomplished via electron-accepting
impurities.2
Thus, under
illumination a preferential transfer of electron to the acceptors leaves holes to be preferentially transported through
the conjugated polymer. This process is known as photoinduced charge transfer. Since the discovery of
photoinduced charge transfer, a variety of acceptor materials have been introduced into donating conjugated






and single wall carbon nanotubes (SWCNTs)7). The devices are produced by placing the doped polymeric films
between a transparent conductive oxide (TCO) top contact and a metallic back contact. We are investigating thin
film polymeric solar cells which incorporate quantum dots as well as quantum dot/SWCNT complexes. Typically,
very high loading levels of semiconductor nanoparticles are required to overcome the poor electron transport
properties of the
polymer.5
Inclusion of SWCNTs to the polymer/quantum dot mixture can improve the transport
problem. SWCNTs are excellent electron transport materials and their length far exceeds the longest quantum rod
materials. In addition, improved electron conductivity can be achieved with much lower weight percent loading
levels.8
For this research, chalcopyrite nanoparticles were chosed for initial experiments. Chalcopyrite-based
photovoltaic devices (Cu(In:Ga)(S:Se)2) have been a focus of the space photovoltaic community for over two
decades.'J0'uThin-film photovoltaic devices made with the chalcopyrite semiconductors are expected to be highly
efficient. Thin-film CuInS2 cells with efficiencies of
12.5%12
have been successfully produced, while efficiencies up
to
18.8%"
have been recorded with Cu(In,Ga)Se2-based cells. The band gaps of the ternary and quaternary
chalcopyrite materials range from 1.5 eV (CuInS2) to 1.1 eV (CuInSe2) and are well matched to the AM) solar
spectrum. In addition, other materials properties such as high absorption coefficients, structural defect tolerance and
low-costmethods for deposition of thin-films make these promisingmaterials for photovoltaic devices.
'
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The molecular precursor (PPh3)2GiIn(SEt)4 is a charge-neutral molecule which decomposes in solution at
200 C to form quantum dots of
CuInSj.14
By modification of the surface with alkyl groups during synthesis,
soluble colloids can be
formed.15
The surface ligands can he exchanged in a post-processing step with any Lewis
base; the electron donating or withdrawing nature of the ligand influences the recombination of excitons in
photoluminescence studies. The synthesis and characterization of these quantum dots will be discussed.
Modification of the nanocrystal surface with a functionalized ligand will also facilitate binding to functional groups
on a carbon nanotube, and incorporation into a polymer matrix. We will investigate the electronic interactions
between the CuInSj quantum dots and the carbon nanotubes by comparing dot-tube nanostructures with covalent
linkages with those containing only electrostatic interactions.
II. CuInS2 colloidal nanocrystals
A. Preparation
It was discovered in 1993 that the molecule (PPh^CumXSEt),,, shown in Fig. 1, could be thermally
decomposed under inert atmosphere to create bulk
CuInS2.16
Since then, a great deal of effort has been placed on
developing the conditions under which this precursor could be used to form thin films of CuInS2 for themanufacture
ofphotovoltaic
devices.17
Under conditions of thin film formation, the precursor is suspended in the vapor phase in
a tube furnace. Themolecule decomposes to form CuInS2, Et2S, and two equivalents ofPPli3 (Eq. 1).
(PPh3)2CuIn(SEt)4 -> CuInS2 + 2 PPh3 + 2 Et2S (Eq.l)
For the formation ofnanoparticles, the precursor is suspended in a non-coordinating solvent Because formation of
nanoparticles in the absence of a coordinating ligand leads to agglomeration of the nanoparticles to form bulk
material, long chain thiols are added to the reaction mixture to coat the surface of the growing nanocrystals. Thiol
ligands have a strong affinity for both copper and indium, and can bind either in a terminal or bridging fashion, as
seen in the precursor molecule. In a typical reaction, (PPh3)2CuIn(SEf)4 is dissolved with gentle heating in
dioctylphthalate. Following dissolution, the
temperature is lowered to 100 C and hexanethiol
(7- to 10-fold molar excess) of is added to the
reaction flask. Heating is resumed and the
temperature is increased to 200 - 250 C. At 200 C
the precursor begins to decompose; the yellow
solution begins to turn red-orange (200 C) or red-
brown (225 C). The solution is stirred for 2 - 5
hours then cooled to room temperature. A powder of
the CuInS2 nanocrystals is isolated by precipitation
with methanol/acetonitrile (1:1), followed by
washing repeatedly with methanol and vacuum
drying of the powder. The resulting powder
dissolves readily in non-polar organic solvents such
as hexanes or toluene. If the temperature is raised to
250 "C, the solution turns dark brown. The resulting
product cannot be resuspended in organic solvents
after washing.
Figure 1. Molecular Structure of (PPh3)2CuIn(SEt)4.
B. Characterization
J. TransmissionElectronMicroscopy (TEAj)
TEM images (Fig. 2) of the nanoparticles are collected by dipping a Formvar-coated lacey carbon TEM
grid into a toluene solution of the nanoparticles and allowing the toluene to evaporate. The nanoparticles are seen to
be predominantly spherical, and highly crystalline. A distribution of sizes is present in all samples, however, the
average size ofthe nanoparticles increases with the synthesis temperature.
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Figure 2 (left, center, right). TEM images of CuInS2 nanocrystals grown at 200, 225, and 250 C,
respectively. Samples grown at 200 and 225 C were evaporated on the TEM grid from toluene solution;
the sample grown at 250 C was suspended in methanol by sonication prior to deposition on the grid.
Scale bars in the images are 20, 5, and 5 nm, respectively.
2. PowderX-Ray Diffraction (XRD)
Powder XRD is used to analyze the average particle size and confirm the identity of the material. All the
peaks present can be indexed to CuInS2, and the peaks are broadened due to the small particle size. Scherrer analysis
is used to determine the average particle size; the results are shown in Table 1 and are consistent with the sizes
observed by TEM.
Table 1. Scherrer analysis ol
nanoparticle growth.
particle size for CuInS2




The effect of temperature upon nanocrystal size is
also evident in the X-ray diffraction patterns, as
shown in Fig. 3. The XRD peaks are progressively
narrower at higher synthesis temperatures,
indicating larger particle sizes, as described by the
Scherrer formula. Using the Scherrer formula, the
diameters of the nanocrystals are calculated to be:
2.10.2 nm at 200 C, 2.70.3 nm at 225 C, and
4.0 0.1 nm at 250 C. The error is calculated by
averaging the sizes obtained using both the (112)
and (220) diffraction lines; the presence of
overlapping lines in the diffraction pattern makes
the use of the Scherrer formula only an estimate
for this compound. Regardless, the data show a
clear trend to narrower diffraction lines and hence









Figure 3. Powder X-ray diffraction patterns for
CuInSj samples synthesized at 200 C (bottom), 225
C (center) and 250C (top). Reference pattern 85-
1575 (CuInS2) is shown along the x-axis for
comparison.
3. UV-Vis Spectroscopy
The absorption spectra ofthe nanoparticles are measured in non-polar organic solvents. A typical spectra is
shown in Fig. 4. The nanoparticle solutions do not display a sharp excitonic peak. This is due in part to the fact that
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the samples are not monodisperse in size. Post-processing attempts (size-selective precipitation, size-focusing,
column chromatography) to improve the size
distribution do not result in a sharpening of the
low-energy absorption edge, leading us to
speculate that the shape of the absorption edge
cannot be attributed to poor size distribution
alone. The first low-energy peak of the
absorption spectrum is determined in the
2nd
derivative spectrum. The energy of the peak
moves to longer wavelengths with increasing
reaction time and/or increasing reaction
temperature (not shown). This is consistent
with previous nanocrystal studies that show
larger nanocrystals are produced with longer
growth times and/or higher growth
temperatures. In all cases, the onset of
absorption takes place at higher energy than the
bulk band-gap of CuInS2 (1.5 eV, 826 nm),
evidence of the size-quantization effect. The
appearance of the absorption spectra is not
affected by the choice of surface ligand on the
nanocrystal.
wavelength (nm)
Figure 4. Absorption spectra of C11I11S2 quantum dots
suspended in toluene with various surface ligands:




spectra of the nanoparticles are
measured in non-polar organic
solvents. A typical spectrum is
shown in Fig. 5. The spectrum
contains two overlapping peaks
(peak position determined in
second derivative spectrum) whose
ratio changes with sample
preparation and handling. The
spectrum shifts to longer
wavelengths with increasing
nanoparticle size. The spectra are
also quite broad, as measured by
the full-width at half-maximum
(fwhm). In contrast to the
absorption spectra, the emission
spectra are strongly affected by the
nature of the surface ligand.
Figure 5. Photoluminescent emission spectra for C ulnSj quantum dots
with hexanethiol (filled circles), TOPO (open triangles) and pyridine
(filled squares) surface ligands.
ni. SingleWall Carbon Nanotubes (SWCNTs)
The SWCNTs were synthesized as previously
described18
using an Alexandrite laser vaporization process.
Purificationwith nitric acid and thermal oxidation gives SWCNTs with >95% mass purity. Treatment of the purified
nanotubes with a 4:1 mixture of concentrated H2SO4/H2O2 by ultrasonication leads to oxidation of the carbon atoms
at defect sites and at the tube ends, creating carboxylic acid groups at those
sites.19
These functionalized sites on the
nanotube can then be used for conjugation with quantum dots.
IV. Functionalization ofNanocrystals
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The surface ligands on the nanocrystals can be easily exchanged for a wide range of thiols, amines,
and
phosphine oxides in a single-step procedure. During synthesis, only the presence of thiols allows conversion of the
precursor to CuInSj nanocrystals. Attempts to substitute the thiol reagent with other coordinating ligands during
precursor decomposition, which should lead directly to alternatively-coated nanocrystals, instead result in the
formation of crystalline copper sulfidematerials. We speculate that the twometal centers have significantly different
binding attractions to nitrogen or oxygen-based ligands, thus inhibiting the stoichiometric incorporation of the two
metals into the final product. Examination of the structure of the precursor makes it clear however that thiols are an
excellent ligand for both copper and indium. Once formed, the CuInS2 nanocrystal line core is stable to ligand
substitution. Through ligand substitution, the colloidal properties of the nanocrystals can be altered. As shown in
Fig. 6, substitution with a thiol-alcohol results in nanocrystals dispersible in ethanol; substitution with an ionizable
ligand such asmercaptoacetic acid allows the nanocrystals to be dispersed in water.
nd
TOPO
(PPh3)2Culn(SEt)4 S\ ? CulnS^TOPO) non.po|ar organic
v * soluble
>^ DOP
hexanethiol (ht) >. trioctylphosphine oxide









Figure 6. Schematic showing routes to alteration of Culniv nanocrystal surface ligand
alteration.
Powdered hexanethiol-coated CuInS2 nanocrystals can be rendered water-soluble by stirring them in a mixture of
mercaptoacetic acid and pyridine overnight The excess acid, pyridine, and released hexanethiol are washed away
with chloroform and methanol, and the resulting material readily disperses in neutral or mildly basic aqueous
buffers. These nanocrystals can then be employed in conjugation reactions.
V. Conjugation
The term conjugation broadly refers to a collection of organic transformations that have the effect of
creating a covalent linkage between two chemical moieties, either with or without the addition of new atoms or
small molecular
"linkers"
between them. Most often employed in biochemistry, these reactions are frequently used
for the purpose of linking a small molecule, such as a fluorescent probe or a small peptide sequence, to a larger
biomolecule such as a protein, antibody, or organic polymer support. By creating a covalent linkage between the two
moieties, one can endow the properties of the first molecule with the properties of the second molecule. In the
biotechnical world, conjugate chemistry has already been used to covalently conjugate quantum dots to biological
molecules.^^These hybrid nanostructures are already being used in a variety of applications. With this precedent,
it is expected that using appropriate linkers, the functionalized nanotubes and quantum dots can be bound together
so as to facilitate charge disassociation and transport
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covalent conjugation
Figure 7. Schematic outlining two routes to functionalization of SWCNTs with nanocrystals.
As both the nanotubes and the nanocrystals are functionalized with carboxylic acid groups, a linker is
required that can serve as a bridge between the two; a
direct bond can not be formed between two acid groups.
Fig. 7 outlines the process by which functionalized
nanotubes and nanocrystals can be conjugated.
Ethylenediamine, a short chain molecule with an amino
group at each end, is ideal for this function. First, one end
of the ethylenediamine is bound to the SWCNT acid
groups by activating the respective components with the
reagent dicyclohexylcarbodiimide (DCC) in
dimethylform amide (DMF). After isolating and removing
excess ethylenediamine and DCC, the SWCNTs (now
effectively amino-functionalized) are resuspended in
DMF. The nanotubes are analyzed at each step to probe
the effectiveness of the coupling reactions. The IR
spectrum of the SWCNTs is most useful in determining
the nature of the functional groups on the surface of the
tubes. As can be seen in Fig. 8., the IR spectrum of
carboxylated nanotubes has a broad peak at 3495 cm"1,
characteristic of the OH stretch for a carboxylic acid. After coupling with ethylenediamine, this peak disappears and
a new strong peak at 3195
cm"1
appears, indicative of the H-stretch in an amide. Also noticeable is the appearance
of the 1635
cm"1
peaks for the carbonyl group of the amide. In addition to the amide peaks, the peak at 786
cm"1
is
indicative of the unbound primary amine at the end of the ethylenediamine.
The aqueous solution of nanocrystals is activated with the reagents l-(3-dimethylaminopropyl)-3-
ethylcarbodiimide (EDC) and sulfo-N-hydroxysuccinimide (s-NHS), and added to the DMF solution of nanotubes.
Figure 8. Infrared spectra of carboxylated
SWCNTs (green) and SWCNTs conjugated with
ethylenediamine (blue).
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After a sufficient coupling time has passed, the nanotube/nanocrystal conjugate is filtered and
washed to remove
excess reagent The products are analyzed by Raman and IR spectroscopy, and examined by SEM and TEM
microscopy. In the SEM and TEM images, one can clearly see small nanocrystals decorating the sidewalls
and ends




Figure 10. TEM image of SWCNT bundle with
covalently bound CuInS2 nanocrystals.
Figure 9. SEM image of SWCNT bundles with
covalently bound CuInS2 nanocrystals.
The tubes and nanocrystals can also be bound together non-covalently, using only the electrostatic forces
between the positively charged amino group and the negatively charged carboxylate group. An aqueous solution of
carboxylate-functionalized CuInS2 nanocrystals is stirred for 6 hours with a DMF suspension of amino-
functionalized SWCNTs. The material is filtered and washed withDMF and water to remove unbound nanocrystals.
The product is analyzed by Raman and IR spectroscopy, and examined by SEM and TEM microscopy. From the
TEM image shown in Fig. 12, one can see a few isolated nanocrystals on the sides on the nanotube bundle. In either
case, the ratio of nanocrystals to SWCNTs appears low, indicating the need for further optimization of coupling
conditions.
VI. Conclusions
In conclusion, we have demonstrated the synthesis and surface modification of colloidal CuInS2
nanocrystals. The nanocrystals are approximately spherical, with dimensions of 2
- 4 nanometers in diameter,
depending on synthesis temperature. Higher synthesis temperatures and longer reaction times lead to larger
nanocrystals, which is evidenced by narrowing of the diffraction peaks in the XRD pattern, and a shift to longer
wavelengths (lower energy) in the absorption and fluorescence emission spectra. SWCNTs can be effectively
functionalized with amino groups though ethylenediamine conjugation at the carboxlated sidewall sites. Initial
experiments to conjugate CuInS2 quantum dots which have been functionalized with mercaptoacetic acid resulted in
a low concentration of dots bound to tubes. Further research is needed to optimize this system before the conjugates
can be included in polymer solar cells.
American Institute ofAeronautics and Astronautics
154
APPENDIX G: Colloidal CuInS2 Nanoparticles for Polymeric Solar Cells {AIAA 2
IECEC, Providence, Rhode Island 2004, 5528)
,nd
Figure 11. HRTEM image of SWCNT bundles
with covalently bound CuInS2 nanocrystals.
20 nm
Figure 12. TEM image of a SWCNT bundle with
electrostatically attached CuInSj nanocrystals.
Nanocrystals are indicated by arrows.
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ABSTRACT
The ability to dissociate the photo-generated excitons and transport the resulting charge
carriers are the major impediments in improving the efficiency ofpolymeric solar cells. In order
to simultaneously address both of these issues, we have investigated the use of quantum dot-
single wall carbon nanotube (QD-SWNT) complexes as a suitable nanomaterial dopant in these
devices. The formation of CdSe-SWNT complexes occurred through covalent attachment of
carboxylic acid-functionalized SWNTs with CdSe-aminoethanethiol (AET) quantum dots. An
additional synthetic approach was evaluated using both electrostatic and covalent attachment
schemes for CuInS2-mercaptoacetic acid (MA) quantum dots and amine terminated SWNTs.
The efficacy of each approach is discussed, including the necessary transmission electron
microscopy (TEM) and optical absorption spectroscopy data to probe the interactions between
nanomaterials. The potential effects of charge transfer between components may have important
implications in the efficiency of these materials for polymeric photovoltaic devices.
INTRODUCTION
Polymeric solar cells are currently being investigated as an alternative photovoltaic
technology, due to the potential reduction in processing cost, improved scalability, and
opportunity for lightweight, flexible devices [1]. The use of nanomaterials as an additive in
these polymer systems is currently an area of very active research, with most efforts directed at
semiconductor quantum dots (QDs), fullerenes, and single wall carbon nanotubes (SWNTs) [1-
3]. Selection of the appropriate nanomaterial should maximize exciton dissociation and promote
efficient carrier transport in the device. Additionally, the potential exists for a multiple-junction
device that is tailored to the air mass zero (AMO) spectrum since conducting polymers, QDs, and
SWNTs each absorb in a different spectral region. To better facilitate this process of photon
absorption by the components and dissociation of the excitons by the highest electron affinity
material nearest the exciton, we are evaluating the use of QD-SWNT complexes as an ideal
nanomaterial.
Quantum dot-single wall carbon nanotube (QD-SWNT) complexes represent a class of
materials that can encompass both high electron affinity and high electrical conductivity. The
electron affinity of the QDs can be tailored based upon the selection of semiconductor material
used as well being influenced by the nanocrystal size [4, 5]. For example, CdSe QDs have a
range of electron affinities reported from 3.5-4.5 eV, while bulk CuInS2 ranges from 4.1-4.9 eV
[5, 6]. In addition, the low percolation threshold of SWNTs coupled with their extraordinary
electrical conductivity (10 S/cm formetallic (10,10) SWNTs) allow for significant enhancement
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of electron transport at even very low doping levels (<1% w/w) [7]. Although a mixture ofQDs
and SWNTs in the polymer may also prove worthwhile, coupling of the QDs to SWNTs [8-10]
would presumably provide the most efficient combination of exciton dissociation, charge
transfer, and carrier transport. In this report, the synthetic details associated with the formation
of CdSe-SWNT and CuInS2-SWNT complexes have been outlined, including the appropriate
chemical functionalization and surface ligand exchange steps required for covalent attachment.
Optical absorption spectroscopy is performed to probe any differences in potential electronic
interactions between nanomaterials for electrostatic and covalent attachment schemes.
EXPERIMENTAL DETAILS
Synthesis of the single wall carbon nanotubes (SWNTs) was performed using an Alexandrite
laser vaporization process, previously described in detail [11]. The raw soot was purified using
conventional nitric acid and thermal oxidation steps, to achieve SWNT mass fractions of >95%
w/w in the overall sample [11]. CdSe quantum dots were synthesized from CdO as the
precursor, following the established protocol [12]. CuInS2 quantum dots were synthesized by
thermal decomposition of the molecular single-source precursor (PPh3)2CuIn(SEt)4 in the
presence of hexanethiol (ht) at 200 C in dioctylphthalate [13]. The reaction solution is mixed
for several hours at the elevated temperature and then cooled to room temperature. The
nanocrystals precipitate with addition of a (1:1) volumetric mixture ofmethanol:acetonitrile and
subsequent wash steps with methanol complete the extraction of high quality CuInS2
nanocrystals [13].
A summary of the synthesis details for each of the QD-SWNT attachment schemes is depicted in
Figure 1. The initial steps for either QD route is appropriate surface ligand exchange on the QDs
and preparation of carboxylic acid-functionalized SWNTs performed by ultrasonication in a 4:1
mixture of concentrated H2S04:H202 for 2.5 hours [12]. The formation of CdSe-SWNT
complexes occurred through covalent attachment of carboxylic acid-functionalized SWNTs with
CdSe-aminoethanefhiol (AET) quantum dots. Ligand exchange of the TOPO with AET
proceeded by stirring the CdSe-TOPO quantum dots in neat AET at 100 C for 24 hours [10].
The product was rinsed with 0.5M NaOH and resuspended in N,N-dimethylformamide (DMF).
Activation of the carboxylic acid-functionalized SWNTs was performed using a ten-fold excess
of l-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and sulfo-N-hydroxy
succinimide (sNHS) for 30 minutes prior to coupling with the CdSe-AET quantum dots in a
DMF solution which stirred for 2 hours and was quenched with ethanolamine. The reaction
mixture was centrifuged and the precipitate rinsed with DMF. The final product was dried at 70
C in vacuo for one hour and is represented by (1) in Figure 1. In the case of the CuInS2
quantum dots, ligand exchange of the hexanethiol (ht) occurred with mercaptoacetic acid (MA)
by stirring with pyridine overnight [14]. In order to couple both carboxy-terminated species, (i.e.
CuInS^-MA and SWNTS-COOH) a coupling reaction (activated with dicyclohexylcarbodiimide
(DCC)) was employed using ethylenediamine (en) to react with the carboxylic acid-terminated
SWNTs initially to produce amine-terminated SWNTs. The approach to electrostatic attachment
involved stirring the CuInS2-MA quantum dots with the amine terminated SWNTs in DMF for
six hours [14]. This reaction product is depicted in Figure 1 by (2). As described for the CdSe
covalent coupling, the carboxylic acid-terminated CuInS2 quantum dots can be activated with
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EDC and sNHS under equivalent conditions. The resulting product was reacted with the
amine-
terminated SWNTs to produce a covalent amide linkage as shown by (3) in Figure 1.
Characterization of the SWNTs, quantum dots, and QD-SWNT complexes during synthesis
and chemical modification was performed by both conventional spectroscopy and microscopy.
Optical absorption measurements were made with a Perkin Elmer Lambda 900 spectrometer.
Transmission electron microscopy (TEM) was done with a Phillips CM200 at an operating














































Figure 1. Reaction schemes for the attachment ofQDs to SWNTs resulting in (1) covalent
attachment ofCdSe -AET-SWNT complexes, (2) electrostatic CuInS2-MA-en-SWNT
complexes, and (3) covalent CuInS2-MA-en-SWNT complexes.
158
APPENDIX H: Quantum Dot - Single Wall Carbon Nanotube Complexes for Polymeric
Photovoltaics {Mater. Res. Soc. Symp. Proc. 2005, 836, L2.8.1)
L2.8.4
DISCUSSION
Each of the reaction schemes in Figure 1 was performed utilizing purified single wall carbon
nanotubes (SWNTs) represented by the TEM image in Figure 2a. The predominance of highly
ordered bundles withminimal sidewall impurities and lack ofmetal catalysts is typical for these
purified materials. Similarly, Figure 2b shows a TEM image of high quality CdSe nanocrystals:
typical of a ~3.5 nm diameter distribution prepared by the colloidal synthesis. The attachment
results from TEM are demonstrated in Figure 3 for each of the attempted schemes. As reported
previously for product (1) in Figure 1 (CdSe-AET-SWNT complexes), [12] the TEM analysis
clearly shows the attachment of CdSe nanocrystals along various sidewalls of the SWNTs. The
covalent nature of this interaction has been confirmed using FT-IR spectroscopy and various
Raman shifts associated with electronic interactions have also been observed [12]. The current
attempt for the electrostatic product (2) in Figure 1 (CuInS2-MA-en-SWNT complexes) has not
shown nanocrystal attachment, but rather clean SWNT bundles (Figure 3c) and aggregates of
quantum dots (Figure 3d). In comparison, the covalent approach for product (3) in Figure 1
(CuInS2-MA-en SWNT complexes) shows the presence of CuInS2 nanocrystal particles along
the sidewalls of SWNTs (Figures 3e-f). The TEM results suggest that the covalent schemes
outlined in Figure 1 are successful, but the electrostatic approach under the prescribed conditions
fails to promote efficient binding of the nanocrystals to SWNTs.
10 nm
'm^rA^.'(.^i/r<i^^Pv^,wf*?l^^ii^wSflRMWfiraK waiMrcm^Ki^B^ffiWKSMSrfit^BS^^f^w
Figure 2. TEM images of(a) purified SWNTs and (b) CdSe quantum dots
f~Vrvtir*c*1 OtVicnrnti rvn /fata rxrac arnnirpH frw thp f~1iiTnK_<^\X/T\TT catfu^tim*Optical absorption data was acquired for the CuInS2-SWN attach ent schemes using 2.5
ug/mL dispersions in N,N-dimethylacetamide (DMA) as previously demonstrated [11]. The
results show the expected interband transition associated with the Van Hove singularities in
SWNTs for the semiconducting (~1 .2 eV) and metallic (~1 .8 eV) types. There is a slight
blue-
shift (~10 meV) in both peaks for the covalent product whereas the electrostatic product shows
no energetic shift compared to the carboxylic acid-terminated SWNTs. This result suggests that
there is an electronic interaction between the covalently attached CuInS2 quantum dots and the
SWNTs: a conclusion that has been debated in other reports using CdSe [8-10]. Another
observation from the data is the enhanced absorption (above 2 eV) in both CuInS2 attachment
samples, albeit the covalent product is significantly greater. This effect is presumably a
manifestation of the quantum
dots'
absorption in this range,[13] however, the effects of quantum
dot electronic interaction on the 7i-plasmon ofthe SWNTs has yet to be investigated
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Figure 3. TEM images for (a and b) reaction scheme involving covalent attachment ofCdSe-
AET-SWNT complexes from product ( 1 ) in Figure 1 ; (c and d) reaction scheme involving
electrostatic attachment ofCuInS2-MA-en-SWNT complexes from product (2) in Figure 1 ; (e
and f) reaction scheme involving covalent attachment ofCuInS2-MA-en-SWNT complexes from





1.2 1.6 2.0 2.4 2.8 3.2 3.6
Energy (eV)
Figure 4. Optical absorption data from 2.5 ug/mL DMA dispersions for the carboxylic acid-
terminated SWNTS (SWNTS-COOH), electrostatic QiInS2-SWNT attachment product (2) from
Figure 1, and covalent CuInS2-SWNT attachment product (3) from Figure 1 .
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CONCLUSIONS
The development of QD-SWNT complexes for polymer photovoltaic devices has been
investigated using multiple synthetic routes with two differing quantum dot moieties (CdSe and
CuInS2). The results using TEM have shown successful attachment from a covalent route, while
the electrostatic binding strategy showed clean SWNT bundles and QD aggregates. The optical
absorption data supported this conclusion since a ~10 meV blue-shift in the CuInS2-MA-en-
SWNT complexes were observed over the starting carboxylic acid-terminated SWNTs. The
effects of charge transfer between select nanomaterials are an important fundamental issue which
may promote an ideal cascade of energy transitions in a properly structured device.
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10 Abstract
11 Noncovalent attachment ofCdSe quantum dots (QDs) to single wall carbo%nanotubes (SWNTs) through an intermediary 1 -pyrcnebutyric acid
12 jV-hydroxy-succinimide ester (PBASE)molecule has been performed. The ligand exchange process from trioctylphosphine oxide (TOPO)-capped
13 CdSe to the 4-aminothiophenol (ATP) ligand is supported by solvent solubilit&;f*5jvR. spectroscopy, and IR. spectroscopy, with an estimated
14 molecular efficiency >50:1. Noncovalent coupling of the PBASE molecule causes a redshift in the SWNT interband electronic transitions,
15 consistent with a IT ir interaction that promotes electron detocalizau'on. TEM analysis after chemical coupling of the CdSe ATP QDs to the
16 PBASE SWNTs shows an abundant coverage ofQDs along the SWNT bundles. Raman spectra (1.96 eVexcitation) ofPBASE SWNTs and the
f7 noncovalent product demonstrate that each of the majorRamanmodes (RBM, D-, G-, or
G7
-bands) is unaltered by the noncovalent interaction
18 with PBASE or attachment ofCdSe QDs, indicating that the structural integrity of the SWNTs is maintained. However, upshifts in the Raman
f9 modes are observed, the largest being for the G'-band, indicating charge transfer between the SWNTs and attached CdSe QDs.




22 Keywords: Carbon nanotube; Quantum dot: NanomaterialsJ Solar energy materials
24 1. Introduction
25 Semiconducting quantum dots (QDs) and singlewall carbon
26 nanotubes (SWNTs) are being evaluated for a variety of
27 optoelectronic applications and hanomaterial-enabled polymer
28 solar cells f13]. Each material has shown a rich chemistry for
29 functionalization, and several recent reports have evaluated the
30 direct coupling'bf these two materials [1,2,4-7]. The previous
31 approaches to chemical attachment ofQDs to SWNTs relied on
32 covalentmethods,which require the breaking ofcarbon-carbon
33 bonds and the reaction ofthe resulting carboxylic acid groups to
34 give products via nucleophilic acyl substitution. There are other
35 covalent approaches with which one could envision attaching
36 QDs to SWNTs [8-10]; unfortunately, all covalent reaction
37 schemes alter the SWNT structural and electronic properties by
Corresponding author. Fax: +1 S85 47S 4724.
E-mail address: rprsps@ril.edu (RP. RafiaeUe).
0167-577X'3 - see 6oM matter 2006 Elsevier B.V. All rights reserved.
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disrupting the sp hybridized conjugation [1], In comparison, 38
noncovalent approaches which use ir-orbital interactions 39
between the functionalizing compound and SWNTs mitigate 40
this concern [1 1 - 14], as previously demonstrated in the case of 41
immobilizing proteins on SWNTs [11]. 42
Coupling of QDs to SWNTs is expected to produce a 43
composite material which facilitates selective wavelength 44
absorption, charge transfer to SWNTs, and efficient electron 45
transport. These properties are essential for additives in polymer 46
photovoltaics utilizing CdSe QD-SWNT junctions [2,3]. The 47
potential energy level diagram for CdSe QD-SWNT complexes 48
indicates that efficient photo-conversion is possible for properly 49
engineered material junctions [2]. A synthetic strategy which 50
minimizes structural disruption at the QD-SWNT junctions is 51
expected to advance nanomaterial development for polymeric 52
solar cells. In this communication, the first example of a 53
noncovalent attachment of CdSe QDs to SWNTs, using a 54
4-aminothiophenol (ATP) ligand and an intermediary 55
M1BLUE-07127; No of Pages 5
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56 1-pyrenebutyric acid iV-hydroxy-sucxininiide ester (PBASE)
57 [11] molecule is presented.
53 2. Experimental
59 2.1. CdSe quantum dot synthesis and ligand exchange
60 CdSe QDs were synthesized from a CdO precursor and
61 extracted with a methanol/hexanes mixture according to a
62 previous procedure [15]. The CdSe QDs in hexanes had an
63 absorption peak at 2.26 eV (548 nm), corresponding to a
64 diameter distribution centered at 3.0 nm, as seen in Fig. 1 [16].
65 Ligand exchange of the trioctylphosphine oxide (TOPO)
66 capped CdSe QDs in hexanes was achieved by 24 h stirring
67 with a 0.5 M ATP/methanol solution at 40 C. The CdSe QDs
68 transferred into themethanol layer, but could be precipitated by
69 centrifugation at 5000 rpm for 10 min. The ligand exchange
70 process was repeated (3*) and the final product was rinsed whh
71 methanol until the supernatant lacked a detectable concentration
72 ofATP as determined by optical absorption spectroscopy.
73 2.2. Single wall carbon nanotube (SWNT) synthesis and
74 noncovalentfunctionalization
Synthesis of the raw SWNT soot was performed by laser
vaporization and purified by the previously reported acid and
thermal oxidation steps [17,18]. The purified SWNTs (which
are calculated to be equivalent to the 100% w/w SWNTs in the
reference sample set [ 1 8]) consisted ofboth semiconducting and
metallic types over a diameter range of 1.2-1.5 nm [17].
-




Fig. ]. Optical absorption spectra For (1) PBASE in DMA, (2) CdSe QDs in
hcxar.es, (3) purified SWNTs in DMA, (4) PBASE-SWNTs in DMA, and (5)
CdSe-MPB-SWNTs inDMA. Inset depicts expanded region ofSE22 andME, ,
peaks for SWNT samples,with the dashed lines forcomparison. Data are scaled
and offset along >=-axis for clarity.
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Ftg. 2. NMR spectra for trioctylphosphine oxide (TOPO) ligand, TOPO-capped
CdS^QDs, 4-aminothiophenol (ATP) ligand, andATP-capped CdSe QDs. The
TOPO samples were analyzed in CDQj and the ATP samples were analyzed in
DMSOi^2;iThe asterisk (*) represents solvent peaks, except in the case of
CdSe-
ATP, where the region between asterisks are solvent-related peaks.
PBASE utilized a 50 mM PBASE/T^-dimethyLicetamide 82
(DMA) solution which capitalizes on the solvent's ability to 83
dissolve the aromatic compound and disperse SWNTs [17]. 84
After stirring the solution for two hours, centrifugation and 85
rinsing steps were repeated (3*) to ensure adequate coverage of 86
the SWNT surface. The final product, PBASE-SWNTs, was 87
rinsed with acetone until the supernatant lacked a detectable 88
PBASE absorption signal. The attachment ofCdSe-ATP QDs 89
to the PBASE-SWNTs involved stirring the combined DMA 90
dispersions at 25 C for three hours and centrifugation at 91
5000 rpm for 10 min. 92
3. Results and discussion 93
3.1. Ligand exchangefor CdSe QDs 94
The ligand exchange was monitored by QD solvent solubility since 95
the TOPO-capped CdSe QDs are soluble in nonpolar solvents like 96
hexanes, whereas the ATP-capped CdSe QDs preferentially solubilize 97
in polar media (e.g. methanol, DMA, etc.). Spectroscopic confirmation 98
oftheATP ligand exchange for the TOPO-cappedCdSe QDs wasmade 99
using sohition-phase *H NMR spectroscopy. The characteristic NMR. 100
spectrum (sec Fig. 2) for the TOPO ligand in CDC13 shows the 101
expected aliphatic signals between ~ I and 2 ppm. The corresponding 102
CdSe TOPO NMR spectrum displays similar features to the pure 103
compound, although the appearance of a slight downfield shift for the 101
peak just over 2 ppm is also observed. This shift may be due to 105
coordination effects by the pbosphine oxide on the QD which would 106
deshield the protons nearest it. tn the case of the ATP ligand, the pure 107
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Fig. 3. IR spectra for TOPO ligand, CdSe-TOPO QDs, ATP lipand. and ATP-
CdSe QDs. The prominent band assignments for each ligand arc iisted The
asterisk (*) represents a signal of trace octadeclyamine from synthesis.
108 compoundwas analyzed in dimethylsulfoxide (DMSO-*4) Tbepeak~.s
109 at ~4 6 ppm are attributed to the thiol and amine groups, while the
110 nonequivalent aromatic hydrogen doublets, indicative of a para
111 substitution, are observed at
~ 6.5 and 7 ppm. Upon ligand exchange,
112 the CdSe ATP QDs were mildly soluble m DMSO-<i6 and the
113 corresponding NMR. spectnim shows multiple resonances of the
aromatic hydrogens due to variable types ofcoordination (from ~6 to
7.5 ppm) wilh a broad peak at
~ 4.5 ppm expected tobe the free amine.
The presence of trace TOPO was also observed in the ATP-capped
CdSe QDs, but the efficiency ofsurface coverage for the ATP ligand cm
the QDs was estimated at >50:1 based on the integrated area of the
NMR peaks normalized to the number ofprotons in themolecules (i.e.
4 for ATP and 5 1 for TOPO).
IR spectroscopy also provides verification of the QD ligand
exchange based on the spectral signature of each ligand's functional
groups on fee TOPO-capped andATP-c^ptt|CdSe QDs, respectively
(Fig. 3). The IR spectrum for the GtLSeKTOPQ sample is similar topure
TOPO with the pronouncedC H stretch fbi thepctyl groups observed
from 2800 to 3000 an'1. The slight broadening in this C H stretch
feature and a minor peak^tt600
cm-3
(N; H bend) are attributed to
h-ace octadeclyamine from synthesis..Upon ligand exchange withATP,
the associated bands- for the pure Compound (N H bend/aromatic
stretch at 1600. S H stretch ,at- -2500, and N H stretch al
3400 cm-1)
are1
arjpafent.in the CdSe ATP sample, with the
observed intensity -reduction for the S H stretch due to coordination
wimmeQD% A "A




The initialstcp towards noncovalent functionalization by the QDs
/rnvolved attacranent of the PBASE molecule to the SWNTs through
z it interactions. Comparison of the optical absorption spectra
between dispersions ofpurified SWNTs and PBASE SWNTs verifies
the characteristic spectral features of PBASE, including a redshift of
41 meV (5 nm) and 20 meV (8 nm), for the second SWNT semi
conducting transition (SE22) at 1 .2 eV (1030 nm) and first metallic
transition (ME-n) at -1.8 eV (690 nm), respectively (Fig. 1). These
redshifis imply
it
it interactions between SWNTs and PBASE, which
promote derealization of it electrons in the SWNTs, thereby lowering
the absorption energy associated with the interband electronic tran
sitions. The effects of increased SWNT bundling can also cause a
redshift in absorption energies [19], but are inconsistent with the
observed increase in PBASE-SWNT dispersion limit in DMA
compared to purified SWNTs from our previous work [1 7]
Noncovalent attachment of the QDs occurred by reacting AIP-
capped CdSe QDs with PBASE SWNTs, both suspended in DMA.
\^<
u
Fig. 4. TEM images of CdSe-MPB-SWNTs (a) showing the abundant coverage ofQDs along the sidewalls of SWNT bundles and (b) arrows pointing to QD
arrangement in axial direction.
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152 After centrifugation, the supernatant was analyzed using transmission
153 electron microscopy (TCiM) and representative images are shown in
154 Fig. 4 for the resulting product CdSe-[AK4-Mercapto-phenyl)-4-
155 pyren-2-yl-butyramide (MPB)] SWNTs. The abundant coverage of
156 QDs along various crossing SWNT bundles is apparent in Fig, 4a. The
157 orientation ofQDswas not specifically controlled, but inFig. 4b, there
158 is the appearance of an arrangement in the axial direction of the
159 SWNTs. This qualitative observation can support interaction of the
160 pyrene constituent along ihe sidewalls of the SWNTs, which is in
161 agreement with the it-it stacking mechanism routinely reported
162 [11,13,20 22]. It is important to note that the optical absorption
163 intensity of the stable CdSe MPB SWNTs-DMA dispersion was a
164 factor of three higher than values for purified SWNTs in DMA at its
165 dispersion limit [ 17], indicating an even higher dispersion limit for the
166 CdSe MPB SWNTs compared to PBASE SWNTs and purified
167 SWNTs. Shown in Fig. 1 is the optical absorption spectrum for the
168 CdSe MPB SWNTs complex. The sample was prepared by precip-
169 Stating the supernatant, washing sequentially with methanol and
170 acetone to remove excess CdSe ATP and PBASE, and rcsuspending
1 71 in DMA. The optical absorption transitions ofCdSe MPB SWNTs at
172 the SE22 and MEH peaks maintain the redshift of PBASE SWNTs,
173 while the higher energy portion represents a convolution ofabsorption
174 from PBASE, CdSe QDs, and SWNTs.
175 3.3. Raman spectroscopy ofSWNTs from noncovalent
176 functionalization
177 Raman spectroscopy is routinely used to investigate changes in the
178 structure and properties of SWNTs [23]. The Raman spectra for $
179 1.96 eV laser excitation from 100 to 3000
cm"1
are shown in feg. 5.
180 Each of the Raman modes upshifts by at least 3
cm-1
upon, PBASE
181 interaction and a total upshift of at least 5
cm-1
for CdSe MPB;#
182 SWNTs was observed Although the peak frequency changes, none of
183 the major Raman modes (radial breathing mode JBBM55 D-, G-, or
1 84 G'-bands) are disrupted by the noncovalent interaction with PBASE or
185 attachment of CdSe QDs. The shifts in the Raman modes ipr the
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Fig. 5. Raman spectra from 100 to 3000 cm
'
at 1.96 eV laser excitation lor
the SWNT samples. The peak positions of the radial breathing mode (RBM),
G-band, and G'-band are listed for each sample.




Fig. 6;.i|bunan spectra of the G'-band at 1.96 eV excitation for the SWNT






SWNTs and CdSe MPB SWNTs arc consistent with the 186
redsnifts in electronic transitions observed in the optical absorption 187
data, in accordance with recent work, and are not attributed to SWNT 1 88
bundling [24,25], 189
^
The G'-band showed the largest Raman shift between samples, up 1 90
tolOcnT'fortheCdSe MPB SWNTs, as shown in Fig. 6. Therefore, 191
this peak,may be most sensitive to charge transfer effects [26], which 192
would imply upshifts due to ground-state electron transfer from the 193
SWNTs. Overall, these results demonstrate changes in the SWNT 194
resonant Raman process from noncovalent attachment of CdSe QDs 195
using an aromatic bridging ligand. Interestingly, there was also an
19b'
observed 20% reduction in the Lorentzian-fhted linewidth of the G'- 197
band for the CdSe MPB SWNTs in comparison to the purified 198
SWNTs,whichmay be attributed to variations in the splittingoftheG'- 199
band due to trigonal warping in selectmetallic types (most dramatic for 200
zigzag) [27]. 201
4. Conclusious 202
In conclusion, we have demonstrated noncovalent attach- 203
ment ofsemiconducting quantum dots to SWNTs through select 204
ligand coupling to an intermediary PBASE molecule. Verifica- 205
tion of ligand exchange efficiency and interactions between 206
nanomaterials has been performed using spectroscopy (NMR, 207
IR, optical absorption, and Raman) and TEM. The establish- 208
ment ofa noncovalent functionalization approach (which main- 209
tains SWNT structural integrity) for QD attachment to SWNTs 210
should manifest into improved nanomaterial junctions for poly- 211
meric devices. Future variation of the QD composition and 212
nanoparticle size (bandgap), noncovalent linker, and QD mass 213
loading level on the noncovalent. QD-SWNT complexes, will 214
enable experimental tunability of optoelectronic sensors and 215
polymer photovoltaic additives. 216
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ABSTRACT: The development ofappropriate nanomaterial additives for polymeric solar cells has been investigated,
specifically for the case ofCdSe-AET-SWNT complexes. The unique combination of electronic properties derived
from the high electron affinity of CdSe quantum dots and electrical conductivity of single wall carbon nanotubes
(SWNTs) in the complexes is expected to promote farther enhancement in device performance. An understanding of
the interaction between the CdSe quantum dots and SWNTs should offer insight towards optimizing exciton
dissociation and carrier transport in polymeric solar cells. A review of the covalent synthesis scheme for CdSe-AET-
SWNT complexes is currently described. Additionally, Raman spectroscopy data has shown definitive upshifts in the
radial breathing mode (RBM), D-Band, and G'-Band for the complexes compared to the carboxylic acid-
functionalized SWNTs. These results have demonstrated successful attachment and evidence for the potential charge
transfer between the CdSe quantum dots and the SWNTs.
Keywords: Carbon, CdSe, Polymer Film
1 INTRODUCTION
Polymeric solar cells are currently being realized as
a rewarding photovoltaic technology, due to the potential
reduction in processing cost, improved scalability, and
opportunity for lightweight, flexible devices [1,2]. This
effort is based on the fact that the polymers have the
shared property of generating excitons upon optical
absorption. When an additive with high electron affinity
is present, dissociation ofthe electron-hole pair can occur,
resulting in free carriers which can contribute to the
photocurrent in a suitable device structure [3]. The use of
nanomaterials as the additive in these polymer systems is
currently an area of very active research, with most
efforts directed at semiconductor quantum dots (QDs),
fullerenes, and single wall carbon nanotubes (SWNTs)
[1,4-10]. Selection of the appropriate nanomaterial
should maximize exciton dissociation and promote
efficient carrier transport in the device.
The ideal cascade of energy transitions for the
optimal nanomaterial-polymer solar cell would include
photon absorption by the components over the entire air
mass zero (AM0) spectrum, and dissociation of the
excitons by the highest electron affinity material nearest
the exciton [3]. Due to the fact that conducting polymers,
QDs, and SWNTs each absorb in a different spectral
region, the possibility exists that these nanomaterials
could be combined in such away as to produce a series of
junctions in a polymeric solar cell which would be
analogous to a conventional triple-junction solar cell [11].
Therefore, the ability to systematically synthesis
QD-
SWNT complexes for incorporation into conducting
polymer devices may enable such optimization. Although
a mixture of QDs and SWNTs in the polymer may also
prove worthwhile, coupling of the QDs to SWNTs
[12-
15] would presumably provide the most efficient
combination ofexciton dissociation and carrier transport
The initial attempt at producing a
QD-SWNT-
polymer solar cell included the synthesis ofa CdSe-AET-
SWNT complex and subsequent incorporation into a
poly(3-octylfhiophene) polymeric device structure [16].
In this report, the synthetic details associated with the
previous covalent attachment approach are emphasized
and Raman spectroscopy is performed to confirm and
probe any interactions between components. Such
spectroscopic results may be essential at understanding
material properties like charge transfer, diameter
selectivity, and covalent bonding effects.
2 EXPERIMENTAL
Synthesis of the single wall carbon nanotubes
(SWNTs) was performed using an Alexandrite laser
vaporization process, previously described in detail [17],
The raw soot was purified using conventional nitric acid
and thermal oxidation steps, to achieve SWNT mass
fractions of >95% w/w in the overall sample [17]. The
necessary preparation of carboxylic acid-functionalized
SWNTs prior to covalent attachment with the
semiconductor quantum dots was done by ultrasonication
in a 4:1 mixture of concentrated H2SOa:H202 for 2.5
hours and filtration using a 0.2 urn PTFE membrane filter
and rinsed with copious amounts ofde-ionizedwater [18].
CdSe quantum dots were synthesized from CdO as
the precursor, following the established protocol [19]. In
short, CdO, stearic acid, and 1-octadecene were heated to
200 C under Ar^ and then cooled to room temperature.
Following the addition of trioctylphosphine oxide
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(TOPO) and octadeclyamine (ODA), the reaction mixture
was brought to 280 C and a 1M selenium-
trioctylphosphine solution was injected. The reaction was
held at 250 C for 30 minutes and then cooled to room
temperature. Extraction of the CdSe-TOPO quantum dots
occurred with sequential washes using a separatory funnel
with a 10:1 mixture by volume ofmethanol:hexanes until
a distinct interfacial separation was observed. The CdSe-
TOPO quantum dots were subsequently precipitated with
acetone and re-suspended in chloroform for
characterization [20].
The formation of CdSe-SWNT complexes occurred
through covalent attachment of carboxylic acid-
functionalized SWNTs with CdSc-airanocthanethiol
(AET) quantum dots (see Figure 1). The initial step
included ligand exchange of the TOPO with AET by
stirring the CdSe-TOPO quantum dots in neat AET at 100
C for 24 hours [14]. The product was rinsed with 0.5M
NaOH and resuspended in N,N-dimethylforrnamide
(DMF). Activation of the carboxylic acid-functionalized
SWNTs was performed using a ten-fold excess of
1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydro- chloride
(EDC) and N-hydroxy succinimidc (sNHS) for 30
minutes prior to coupling with the CdSe-AFT quantum
dots in a DMF solution which stirred for 2 hours and
quenched with cthanolamine [13]. The reaction mixture
was centrifuged and the precipitate rinsed with DMF.
The final product was dried at 70 C in vacuo for one
hour.
,~ TOPO f- AET
JPO V^^ AET \Jropo
(AFM), and transmission electron microscopy (TEM)
[16]. The results have supported the covalent attachment
of CdSe quantum dots to SWNTs based on the FT-IR
data, which clearly displayed the bands related to an
amide bond. Additionally, attenuation of the typical
SWNT transitions in the optical absorption spectra for
CdSe-AET-SWNT complexes suggested a potential
charge transfer between the two. Lastly, the AFM data
clearly provided support for spherical and tubular
structures in contact with one another, while the TEM
images even showed the crystal planes of the CdSe
nanocrystals. Shown in Figure 2 is a representative TEM
image of CdSe-AET-SWNT complexes, where the CdSe
quantum dots are observed along the sidewalls of SWNT
bundles. Apparent from the image are the amorphous
carbon impurities that resulted from the functionalization
and coupling reactions. Removal of these imparities is
expected to be a necessary step towards eliminating
carrier traps in the polymeric solar cells.
Figure 2: Transmission electron micrograph (TEM) of
CdSe-AET-SWNT complexes.
Figure 1: Reaction scheme for covalent attachment of
CdSe-TOPO quantum dots to SWNTs by (1) ligand
exchange of TOPO withAET, (2) carboxylic acid
functionalization ofSWNTs, and (3) coupling reaction to
form an amide linkage.
Characterization of the SWNTs, CdSe quantum dots,
and CdSe-AET-SWNT complexes during synthesis and
chemical modification was performed by both
conventional spectroscopy and microscopy. Raman
spectroscopy was performed with a JY-Horiba LabRam
instrument at excitation energies of 1.96 and 2.54 eV.
The scan range was 50-2800 with an attenuation
filter during analysis to mmimize localized heating of
SWNT samples. Transmission electron microscopy
(TEM) on the CdSe quantum dots and CdSe-AET-SWNT
complexes was done with a Phillips CM200 at an
operating voltage of200 kV using lacey carbon grids.
3 RESTJLTS ANDDISCUSSION
The synthesis of CdSe-AET-SWNTs has been
monitored previously using FT-IR spectroscopy, optical
absorption spectroscopy, atomic force microscopy
Raman spectroscopy has been performed on the
CdSe-AET-SWNT complexes to monitor changes in the
vibrational modes of the SWNTs from quantum dot
attachment, including any potential interaction effects.
Dramatic differences were observed in the SWNT Raman
spectra due to the attachment of the quantum dots. As
seen in Figure 3, new peaks with slightlyhigher energies
are observed near the ordinary radial breathing mode
peaks (i.e., 207 & 234 ). These new peaks may be
the result of SWNT debundling due to functionalization
or new vibrational modes due to changes in the
mechanical structure of the SWNTs. In both cases, a
series ofLorentzian curves were used to fit the RBM data,
converging at an R
= 0597, and the peak shifts are
summarized in Table L The Raman shift for each of the
Lot enztian peaks displays an upshift when comparing the
CdSe-AET-SWNTs to the SWNTs-COOH. This
observation is consistent with previous reports on charge
transfer from SWNTs to electron-acceptor dopants,
indicating that the SWNTs are donating electrons to the
CdSe quantum dots [21].
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Figure 3: (a) Raman spectrum for the radial breathing
mode (RBM) of carboxylic acid-functionalized SWNTs
(SWNTS-COOH) at an incident laser energy of 1.96 eV,
and (b) RBM ofCdSe-AET-SWNT complexes. The gray
lines represent the Lorentzian curve fits for individual
SWNT diameters in the samples.
Table I: Raman spectroscopy peak assignments from
Lorentzian fits in Figure 3 for the RBM.
lineshape implies that the complexes will be
predominantly semiconducting in nature. If so, they may
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Figure 4: Raman spectral overlay for SWNTs-COOH
and CdSe-AET-SWNT complexes depicting the D-, G-,
and G'-Bands.
Table II: Raman spectroscopy peak assignments from
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As seen in Figure 4, there are also upshifts observed
in the D- and G'- bands, further supporting electron
donation (see Table II for summary). In addition, the
Breit-Wigner-Fano (BWF) lineshape associated with the
SWNT G-band is suppressed with the addition of the
quantum dots. The BWF lineshape is routinely attributed
to metallic SWNTs [22]. The suppression ofthe BWF line
shape is therefore believed to be associated with charge
transfer effects. These results are also suggestive of an
electron transfer from the SWNTs to the CdSe quantum
dots, and would be consistent with the reported electron
affinities and work functions for CdSe and SWNTs,
respectively [23,24]. The suppression of the BWF
4 CONCLUSIONS
Complexes ofCdSe quantum dots with single wall carbon
nanotubes were prepared using a simple functionalization
and ligand exchange procedure. The resulting covalent
attachment was verified by using FTIR spectroscopy and
imaged using transmission electron microscopy.
Significant changes from ordinary SWNT Raman spectra
were observed with the attachment of the quantum dots.
These differences would suggest that charge exchange
does occur and that the net result is a more
semiconductor-like sample. Future work will involve the
evaluation of these materials in comparison to the
quantum dot or single wall carbon nanotubes that have
been used in polymeric solar cells developed to date.
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Investigation of single-wall carbon nanotube (SWNT)-polymer solar cells lias been
conducted towards developing alternative lightweight, flexible devices for space
power applications. Photovoltaic devices were constructed with regioregular
poly(3-octylthiophene)-(P30T) and purified, >95% w/w, laser-generated SWNTs.
The P30T composites were deposited on ITO-coated polyethylene terapthalate
(PET) and I-V characterization was performed under simulatedAM0 illumination.
Fabricated devices for the 10% w/w SWNT-P30T composites showed a plwtore-
sponse with an open-circuit voltage Tv of 0-98 V and a short-circuit current density
(he) of 012mA/cm". Future optimization of carrier transport and exciton dissocia
tion within these novelphotovoltaic systems isproposed to derivefrom incorporation
ofnanostructure-SWNT complexes into the polymer. Copyright 2005 John Wiley
& Sons, Ltd.
key words: carbon nanotube; P30T; polymer solar cell
INTRODUCTION
The lure of large-area, inexpensive, and environmentally benign solar cells has attractedmany research
ers over the past four decades or so. Since the early 1990s, considerable attention has turned to light
weight, flexible organic thin-film photovoltaics based on soluble conducting
polymers.1
This new class
of devices relies upon the interaction between a nanomaterial and a conjugated
polymer.2
In addition to enhan
cing photovoltaic conversion efficiency, the incorporation ofnanomaterials can potentially improve photoche
mical, mechanical, and environmental stability.
Photon absorption in the organic-based composites produces bound-state excitons. Dissociation of these
charge pairs can be accomplished by the potential difference across a polymer-metal junction, provided the
excitons are near the interface. However, the dissociation can also be accomplished via electron accepting
impurities.2
Thus, under illumination a transfer ofelectrons to the acceptors will leave holes to be preferentially
transported through the conjugated polymer. This process is known as photoinduced charge transfer. Since the
discovery ofphotoinduced charge transfer, a variety ofacceptor materials have been introduced into conjugated
polymers to produce photovoltaic devices (i.e., Buckminster
fullerenes,3'4
CdSe quantum dots and
nanorods,5
* Correspondence to: R. P. Raffaelle, NanoPower Research Laboratories, Rochester Institute ofTechnology, Rochester, NY 14623, USA.
+E-mail: rprsps@rit.edu
Contract/grant sponsor: NASA Glenn Research Center: contract grant number: NCC3-937, NAG3-2595.
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and single-wall carbon nanotubes6). Typical devices are produced by placing the doped polymeric films
between a transparent conductive oxide (TCO) top contact and a metallic back contact.
The use of SWNTS in this type of device is a particularly attractive approach for several reasons. The extre
mely high surface area, ~ 1600m2/g, reported for purified
SWNTs,'
offers a tremendous opportunity for exci
ton dissociation. Since SWNTs have diameters of ~ 1 nm and lengths on the order of micrometers, these
materials exhibit very large aspect ratios (>103). At low doping levels, percolation pathways are established,
providing the means for high carrier mobility and efficient charge transfer. This has been a problem in the
majority of polymer solar cells developed to date, even with the advent of semiconductor nanorods. Since
the diffusion distances for excitons in conducting polymers, poly(phenylenevinylene) for example, have been
reported at <10nm, the requirement for a sufficient percolation network of electron-accepting dopants in the
polymer composite is substantiated. Electrical conductivity data has validated that SWNT-doped polymer
composites demonstrate this extremely low percolation threshold. For SWNT-epoxy composites, the electrical
conductivity has been claimed to rise by nearly
105
between 0-1 and 0-2% w/w
loading.8
Other beneficial properties of SWNTs relevant to polymeric photovoltaic development include composite
reinforcement and thermal management. Single-wall carbon nanotubes have shown promise in the development
of polymer composites with enhanced mechanical strength by load transfer from the polymer matrix to the
dopant.9
Tensile strengths for SWNTs have been estimated to equal while the Young's modulus
measured by atomic force microscopy is ~ 1
TPa.11
This high Young's modulus and strength-to-weight ratio
could help provide much-needed mechanical stability to large-area thin-film arrays. Single-wall carbon nano
tubes may also provide assistance in thermal management for such arrays. The thermal conductivity of an iso
lated (10, 10) SWNT has been theoretically
predicted12
to be as high as 6600W/mK. Polymer composites
doped with as little as 1% w/w SWNTs have shown a 70%
increase8
in the thermal conductivity at 40K.
The viability of incorporating SWNTs into a conducting polymer for photovoltaic devices was established in
2002, utilizing arc-generated SWNT-poly(3-octyl1Jriophene)-(P30T)
composites.6
Their results showed a diode
response for devices constructed in the sandwich formation, containing the composite film between an
indium-
tin-oxide (ITO) front contact and aluminum back contact. There was a photoresponse underAM 1-5 illumina
tion for both the pristine P30T device and a 1% SWNT-P30T composite blend, albeit the composite exhibits
current densities several orders of magnitude higher. The photoresponse for a 1% w/w doped SWNT-P30T
composite was reported to have an open-circuit voltage Voc of 0-75 V and a short-circuit current density /sc
of 012mA/cm2, in comparison with V^. = 0-35V and 4-= 0-7 uA/cm2, for the pristine P30T
device.6
Originally, the SWNT-P30T cells were described using the metal-insulator-metal (JvflM) model for deter
mining the Voc, based on a work function differential between the twometal electrodes. In the reported case, the
maximum Vo- would be ~0-4V, based on values of4-3 eV for Al and 4-7 eV for
ITO,6
although work has been
done to show some variability in the work function of ITO dependent on processing and oxygen
content.13
Recent work has shown that theMIM model may not be applicable for SWNT-P30T systems, due to a con
sistent ^,cof 0-75 V, for ITO and aluminum electrodes. Rather, they propose that internal SWNT/polymerjunc
tions based on the highest occupiedmolecular orbital (HOMO)-lowest unoccupiedmolecular orbital (LUMO)
of the respective materials leads to enhanced charge separation and collection, providing the higher observed
Voc
value.14
In principle, control over these junctions may be garnered by reducing SWNT defect sites, altering
the diameter distributions (which is inversely related to the bandgap in semiconducting types), or varying the
concentration ratio ofmetallic to semiconducting for the SWNTs prior to dispersion. Such processing control
offered by alternative synthesis conditions and purification strategies may further improve the Voc and in turn
produce more efficient SWNT-polymer solar cells.
EXPERIMENTAL
Single-wall carbon nanotubes used for this study were synthesized using the pulse laser vaporization technique,
employing an Alexandrite laser (755 nm) which pulsed the surface of a 0-6 at % Ni/Co doped graphite target at
an average power density of 100W/cm2. The reaction furnace temperature was held at 1150C, while the cham
ber was at a pressure of 400 torr with 100 seem flowing
Ar(g>.15
The as-produced SWNTs were collected from
Copyright 2005 John Wiley & Sons, Ltd. Prog. Photovolt: Res. AppL 2005; 13:165-172
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Figure 1. (a) Schematic representation; (b) image depicting the composition of fabricated SWNT P30T Sexible solar cells
the condensed region on the quartz tube outside the furnace and purified by modification of the previously
reported
procedure.16
In short, ~50mg of as-produced SWNTs were refluxed in 3M nitric acid for 16h, and
then filtered over a 0-2 jam PTFE membrane filter with copious amounts of de-ionized water. After drying the
membrane filter at
70
C in vacuo to remove the SWNT paper, thermal oxidation proceeded in air at
500
C for
1 h in amuffle furnace. Use of a 6M hydrochloric acid wash for one hour in an ultrasonic bath was necessary to
remove any remainingmetal catalyst impurities, with similar filtering steps. Finally, thermal oxidation at 550C
in air for 1 h completed the purification. Raman spectroscopy, surface area analysis, scanning electron micro
scopy (SEM), optical absorption spectroscopy, and thermal gravimetric analysis (TGA) were utilized to fully
characterize all raw soot and purified materials.
Preparation of the SWNT-P30T composite solutions was performed using a series ofmixing and sonication
steps as previously demonstrated for other SWNT-polymer
systems.1
The necessary amount of regioregular
P3OT, supplied by Aldrich was dissolved in chloroform using ultrasonication to achieve the pristine 15mg/
ml solution. Composite dispersion was performed by combining the appropriate mass of purified SWNTs to
the pristine solution at desired doping levels. The composite solution was then ultrasonicated for 5min prior
to high speed stirring at room temperature for 72hAliquots of this dispersed solution were cast on Teflon sub
strates at room temperature to produce desired thin films required for optical absorption spectroscopy.
Device fabrication involved the use ofcommercially obtained, high-quality (i.e., < 10 fl/square) ITO-coated
polyethylene terapthalate (PET) substrates. The required cleaning of the ITO substrate prior to deposition was
performed by ultrasonication and rinsing ofcut samples (lxl-5 inch) in deionizedwater, acetone, and metha
nol Initially, an intrinsic layer ofpristine P30T is spray deposited (~ 1-2ml ofthe 15mg/ml solution) onto the
masked, 1
inch2
active area of the substrate. This is followed with spray deposition of the SWNT-P30T com
posite solutions at similar volumes. As seen in Figure 1, completion of the solar cell occurs when aluminum
contacts (typical thicknesses of 1000A) are applied to the ITO and SWNT-P30T composite film layers. This is
accomplishedusing thermal evaporation under vacuum at pressures <
10~
mbarwith a standard shadowmask.
Solar cell testing was performed in an isolated black box configuration to assure standard calibration and
reproducibility of results. Thin film SWNT-P30T cells were placed on a temperature-controlled stage, held
at20C, during analysis.The /-Vcharacteristics were monitored using a Keithley 237 sourcemeasurementunit
SimulatedAM0 jUuminationwas achievedby calibration ofELH lampswith aNASA certified Si standard cell.
RESULTS
The ability to elicit control over as-produced SWNTs is a major advantage for using pulse laser vaporization
synthesis techniques. Such parameters as diameter distribution, defect density, and metallic to semiconducting
ratios can be altered based on the synthesis
conditions.1lsl8
The as-produced SWNTs used in this study were
synthesized and purified under typical conditions, where substantia] yields and minimal defects have been
observed- Shown in Figure 2 is a representative (a) SEM image of purified, >95% w/w SWNTs, and (b) an
overlay of the Raman spectra for the radial breathing mode (RBM) of this sample for incident laser energies
of 1-96 and 2-54 eV. The SEM image shows an entangled
'mat'
of SWNTs with no significant metal catalyst
impurities or amorphous carbon coatings. The highpurity SWNTswill 'bundle
'
due to the Van derWaals inter
action between the ^dividual tubes. Control over the influence ofbundling canpotentially be addressed through
polymeric interaction. Previous work has suggested a
'debundling'
effect with SWNT-Nafion composites,
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Figure 2. (a) SEM image ofpurified, > 95% w/w SWNTs at 80000 x ; (b) overlay ofRaman spectrum for theRBM of (a) at
incidentlaser energies of 1 96 and2 54 eV. The labeled peakpositions correspondto a diameter distribution between 12 and
1 4 nm for both metallic and semiconducting SWNTs
observed by SEM, that was proposed to reduce the necessary doping level for a percolation threshold. Dis
persions of SWNTs in P30T may follow similar results, although full evaluation of this has not yet been per
formed. In addition, Raman spectroscopy can be used to determine the diameter distribution, chirality, and
defect density of the as-produced and purified SWNTs. The RBM is routinely used to calculate the diameter
distribution.19
Using two incident laser energies during analysis allows for the determination of SWNT type,
i.e., semiconducting or
metallic.20,21
For this diameter range, the l-96eV laser resonantly enhances predomi
nantlymetallic SWNTs which correspond to
~ 1 -2-1 4 nm diameter. Similarly, the 2-54 eV laser probes the
semiconducting type, also shown to contain equivalent diameters for the purified sample.
The homogeneous distribution of SWNTs in a polymermatrix is dependent upon the ability of the polymer
chain to associatewith the SWNT superstructure. Stable composite dispersions of01 and 1-0%w/w SWNTs in
P30T were produced and analyzed in this study. Optical spectroscopy was conducted to observe the SWNT
doping level effects on the absorption properties and infer potential electronic interactions between dopant

















Figure 3. Optical absorption overlay for thin films of pristine P30T (black), 0 1% w/w SWNT P30T composite (black
dash), 10% w/w SWNT P30T composite (gray), and purified SWNTs (gray dash). Enhancement in absorption for the
composites relative to the pristine P30T is clearly observed
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absorption at energies >2 eV. As expected, variation in absorption properties for the SWNT-P30T composites
is observed as the doping level increases. Through modification of the SWNT doping level in the polymer, it is
possible to alter the absorption behavior of these composite materials. In fact, at these relatively low SWNT
doping levels, the P30Tcomposites show a significant enhancement in absorption through the near-infrared and
visible regions. The gray curve for purified SWNTs is offset from the other three for clarity, but indicates the
characteristic peaks observed over this spectral range. The two lowest energy peaks for SWNTs (~0-7 and
~ 1 3 eV) are representative of the energy transitions corresponding to the first and second Van Hove (VH) sin
gularities for semiconducting types,
respectively.22
The SWNT-P30T composites display a relative quenching
of the first VH compared to the second VH, which is typical ofdoping effects on the
SWNTs.23,24
Therefore, an
apparent interaction between the semiconducting SWNTs and conducting polymer is present, evident by the
change in electronic transitions. However, due to the higher composite intensity at larger energies, any changes
in the metallic SWNT transitions (~ 1-8 eV) from dispersion in the polymer is unable to be deduced.
Application of SWNT-P30T composite solutions to the constructed devices was performed tising a
solution-
spray technique onto the ITO/PET substrates. The unique approach to deposit these photoactive composites on
polymer substrates demonstrates the inherent advantages of thin-film polymeric solar cells, namely low struc
tural weight and flexibility. These novel polymeric solar cells were constructed for pristine P30T, 0-1, and
10% w/w SWNTs in P30T, and tested under simulated AMO illumination to determine the respective I-V
characteristics. The typical photoresponse observed for pristine P30Tand 1% w/w SWNT-P30T cells is shown
in Figure 4. Although each overlay shows significant enhancement in both Isc_ and Voc upon illumination, there is
an absence of the typical diode
'knee'
for both cases. The cause of the larger than expectedreverse bias currents
is presently not understood. This effectmay be attributed to long-lived energy states for the SWNTs and P30T
or the presense of carrier traps which reduces the /sc.
Characterization of the composite cells showed a corresponding increase in the Isc as the doping level of
SWNTs increased in the P30T. Figure 5 shows an I-V overlay under the simulated AMO illumination for
the pristine P30T, 0-1, and 1-0% w/w SWNT-P30T cells in the region of forward bias. Clearly evident is
an order ofmagnitude increase in the Isc from the pristine P30T to the 0-1% w/w SWNT-P30T composite cell.
An additional increase of ~50% is observed when the doping level reaches 1-0% w/w, with /sc equal to
0-12mA/cm2
for the cell. This result indicates that higher SWNT doping, corresponding to higher electrical
conductivity,17
should improve carrier transport and increase Zsc. Optimization of the doping level for maximum
current density is a necessary step at improving the overall efficiency of these cells. Voc was shown tomore than
double for both SWNT-doped cells compared with the pristine P30T device. The measured V^. of 0-98 V is
significantly higher than the recent report, where they postulated that the energy difference in the
HOMO-





















































Figure 4. Characteristic I-V plots in the dark (gray) and tinder simulated AMO illumination (black), displaying the
photoresponse for: (a) pristine P30T; fb) 1% w/w SWNT-P30T composite solar cells
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Figure 5. Overlay of the 7 V relationship under simulated AMO illumination for pristine P30T (gray), 01% w/w SWNT
P30T composite (black dashed), and 1-0% w/w SWNT P30T composite (black line) solar cells
of this current result may reside in the purity and defect density of the SWNTs. This is an important variable to
consider since the interaction between SWNTs and the polymer can directly affect the junction by which exci
ton dissociation occurs. Othervariables to evaluate for SWNT-polymer solar eels are the diameter distributions
andmetallic to semiconducting ratios of the dopant. If the SWNTs are primarily acting as a conductive network,
then the presence ofmetallic types would be the preferential dopant. However, the possibility exists that semi
conducting SWNTs are participating in the photoconversion process since a recent report has shown certain
photoconductivity effects exist for SWNTs. In either case, selective dispersion of one SWNT type could lead
to higher SWNT-P30T solar cell efficiencies. The ability to dissociate and extract the generated carriers with
nanomaterials upon illumination in conducting polymer solar cells is the foremost concern to augment the over
all efficiency.
A next-generation approach tomaximizing the charge separation and carrier transport in SWNT-doped P30T
cells may be through attachment of semiconductor nanoparticles to the SWNTs (Figure 6a). Such versatility
enables tuning of the optoelectronic properties of the dopant in the polymer cell to match the energy bands
fa)
Figure 6. (a) Schematic representation of a QD-SWNT complex, proposed as a dopant in conducting polymer solar cells;
(b) AFM image of CdSe-en-SWNT complexes
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between components and conducting polymer HOMO-LUMO levels. The approach to improve device effi
ciency is through covalent attachment of semiconducting quantum dots (QDs) to SWNTs. It is expected that
conjugation of SWNTs and QDs prior to dispersion will facilitate charge dissociation and transport in the poly
mer solar cells. Our initial attempt at establishing the necessary chemistry has been successful with attachment
of CdSe QDs to functionalized SWNTs through an ethylenediamine (en) linker, similar to the reported proce
dures.26'27
Shown in Figure 6(b) is a tapping-mode atomic force micrograph (AFM) of our resulting
CdSe-en-
SWNT complexed sample. Incorporation of this material and other QD-SWNT complexes into similar P30T
composite solar cells as described here is currently under investigation.
CONCLUSIONS
The ability to construct flexible solar cells containing SWNT doped polymer composites has been demon
strated. Devices containing 1% w/w SWNTs in P30T have shown a photoresponse with low current densities,
but relatively high open-circuit voltages
(~ 1 V). Attempts to improve the exciton dissociation and carrier trans
port in these systems may rely upon controlled processing of SWNTs to tailor material properties. Ultimately,
the ability to covalently attach other nanomaterials to the SWNTs could result in higher polymer solar cell
efficiencies.
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Abstract
The development of lightweight, flexible polymeric solar cells which utilize nanostructured
materials has been investigated. Incorporation of quantum dots (QDs) and single wall carbon
nanotubes (SWNTs) into a poly(3-octylthiophene)-(P30T) composite, has been shown to
facilitate exciton dissociation and carrier transport in a properly structured device.
Optimization towards an ideal electron acceptor for polymeric solar cells that exhibits high
electron affinity and high electrical conductivity has been proposed in the form ofQD-SWNT
complexes. Specifically, the synthesis of CdSe-aminoethanethiol-SWNT complexes has been
performed, with confirmation by microscopy (SEM, TEM, and AFM) and spectroscopy
(FT-IR and optical absorption). Polymer composites containing these complexes in P30T
have been used to fabricate solar cells which show limited efficiency due to recombination and
surface effects, but an open-circuit voltage (Voc) of 0.75V. However, evaluation of the optical
absorption spectra for these nanomaterial-polymeric composites has shown a marked
enhancement in the ability to capture the available irradiance of the air mass zero (AMO)
spectrum.
2004 Published by Elsevier B.V.
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1. Introduction
Considerable effort is currently underway to develop polymeric solar cells as an
alternative to crystalline technology, due to the potential reduction in processing
cost, improved scalability, and opportunity for lightweight, flexible devices [1,2].
This effort is based on the fact that conducting polymers are capable of photo
induced charge transfer [3]. The polymers which have been used most commonly for
this application are poly(3-hexylthiophene)-(P3HT), poly(3-octylthiophene)-(P30T),
andpoly(para-phenylenevinylene)-(PPV) [4 7]. Conducting polymers like these have
the ability to generate excitons (bound electron hole pairs) upon optical absorption.
The exciton is typically coupled to a phonon, which provides the energy formobility
in the polymer chains [8]. Such intrachain diffusion of neutral excitons in the
polymer is however limited by self-trapping and coulombic interactions [8]. The
exciton size (average electron hole separation) is ~0.5nm and given a typical
dielectric constant for conducting polymers (e = 35), the corresponding exciton
binding energy is ~0.5-l eV [9,10]. Also, it has been shown that the diffusion lengths
of excitons are quite low (less than lOnm in most cases before recombination),
typically on the order of several monomers [8,1 1]. If a localized potential energy
difference exists which is greater than the exciton binding energy (coulombic
attraction and spatial location on polymer backbone [12]), dissociation into the free
electron and hole carriers can occur. This dissociation process usually arises from
sufficient localized electric fields (10 10 V/cm), resulting in carrier promotion to a
delocalized state, transport by interchain hopping, or charge transfer to an electron-
accepting impurity [8,10]. Transient absorption spectroscopy has shown that such
charge transfer effects will take place on the picosecond timescale in the absence of
recombination [13]. The efficiency of the charge transfer process has been described
on the basis of zero-point oscillations whereby an on-chain hole can act as a
potential barrier for recombination. Such a mechanism is supported by sufficient
molecular ordering and interfacial dipole due to differences in electronegativity of
the electron acceptor and polymer [9]. The separated hole has carrier mobility
through on-chain transport using the highly coupled, ^-conjugation network [10].
The overall quantum yield of exciton dissociation is largely influenced by the
localized electric field and temperature on the effective carrier mass (meff) of the
material. This effect is most pronounced in
'heavy'
carriers where the poor mobility
leads to a higher probability of recombination [10]. In the case of polymeric solar
cells, additives are incorporated with a sufficiently high electron affinity to dissociate
the exciton into free carriers before recombination which can contribute to the
photocurrent in a suitable device structure [14]. The use of nanomaterials as the
electron accepting impurities in these polymer systems is currently an area of very
active research and appropriate selection should maximize exciton dissociation and
promote efficient carrier transport in the device.
The most widely investigated nanomaterials for polymeric solar cells have been
semiconducting nanocrystals, fullerenes, and singlewall carbon nanotubes (SWNTs)
[1,5 7,1 1,15 17]. In particular, CdSe quantum dots (QDs), nanorods, and tetrapods,
have all shown viability as successful polymer solar cell additives [5,16]. Under
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AMI. 5 illumination, 90% w/w CdSe nanorods in P3HT and 86% w/w CdSe
tetrapods in OQCxo-PPV, have been reported to produce a power conversion
efficiency of 1.7% and 1.8%, respectively [5,16]. Fullerenes have also been a popular
additive for polymeric solar cells, with multiple variations in the chemical structure
shown to promote high electron acceptor properties [15,18,19]. Recent results have
demonstrated a power conversion efficiency of 2.5% underAMI. 5 illumination for a
device with an active material of methanofullerenes incorporated into a modified-
PPV polymer with LiF/metal electrodes [7,20]. The latest nanomaterial to show
success as an additive in polymeric solar cells has been SWNTs [6,21]. Incorporation
of SWNTs into P30T has demonstrated high open-circuit voltages (Foc), nearly
1.0V, although the power conversion efficiencies are currently well below 1%
[6,21,22].
The high electron affinity of QDs and fullerenes enables the dissociation of
polymeric excitons, leading to an improvement in these types of devices. Also, since
the electrical conductivity {ae) of the photoactive polymers routinely employed is
low, the QD or fullerene additive is primarily responsible for electron transport to
the negative electrode [14]. However, these materials have a low aspect ratio (high
percolation threshold in the polymer), and have therefore necessitated very high
doping levels (consistently >75% w/w) which can negatively impact the mechanical
properties of the polymer composite [5,16,18]. In comparison, the low percolation
threshold of SWNTs coupled with their extraordinary o-e {\(fSjcm for metallic
(10,10) SWNTs [23]) allow for significant enhancement of electron transport at even
very low doping levels (< 1% w/w) [22]. Therefore, if a material which encompasses
both high electron affinity and high o-e can be utilized as an additive, namely in the
form of a quantum dot-single wall carbon nanotube (QD-SWNT) complex, a further
enhancement in the conversion efficiency of polymeric solar cells is expected.
The ideal cascade of energy transitions for an optimal nanomaterial-polymer solar
cell would include photon absorption by the components over the entire air mass
zero (AMO) spectrum, and dissociation of the excitons by the highest electron affinity
material near the exciton [14]. The dissociation process will be based on a sufficient
potential energy difference between polymer and nanomaterial energy levels as
compared to the exciton binding energy [8]. Fig. la illustrates the energy levels in
relation to the vacuum level for the valence, conduction, and exciton binding levels
of the P30T polymer, CdSe QDs, and semiconducting SWNTs (S-SWNT). Also, the
workfunction of metallic SWNTs (M-SWNT) indicates an appropriate potential
energy level for exciton dissociation when used in conjunction with the P30T
polymer, CdSe QDs, and S-SWNTs. Although the P30T's exciton binding energy is
relatively high, 0.5eV [10], each of the nanomaterials discussedwould have sufficient
electron affinity to dissociate the electron hole pair based on the difference in
potential energy. The efficiency of dissociation and charge transfer from the
polymeric exciton relies on the ability to delocalize the electron and eliminate the
coulombic interactions between the localized hole on the polymer chain and the
electron acceptor [9]. Since the QDs rely on a hopping conduction to transport the
electrons to the negative electrode [16], an alternative would be a ballistic conductor
like SWNTs that transports electrons with minimal coulombic interactions,
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Fig. 1. (a) Potential energy level diagram adjusted in relation to the vacuum level for the P30T polymer,
CdSe QDs, semiconducting SWNTs (S-SWNT), and metallic SWNTs (M-SWNT). (b) Schematic which
illustrates a QD-SWNT-Polymer solar cell equilibrated at the Fermi energy. The corresponding electronic
transitions from optical absorption, exciton dissociation, and carrier transport are shown for each of the
components. The references in (a) are the following: a[21], ^10,49], 132], d[24], e[26], f[50], and ^21,51].
preventing recombination. In comparison to the polymer, dissociation of the exciton
from CdSe QDs shows a reduced energy barrier (0.1 eV [24]) and the electron
transport through the SWNTs would presumably be most efficient with appropriate
coupling of the QDs to the SWNTs. Engineering of a suitable polymeric
photovoltaic device requires an understanding of the potential energy levels
associated with the components such that the material junctions are tailored to
promote efficient photo-conversion into free carriers.
The cascade of energy transitions, exciton dissociation, and carrier transport for a
proposed photovoltaic device scheme, including a p-type polymer with QDs and
SWNTs as additives (QD-SWNT-Polymer) is depicted in Fig. lb. The energy levels
have been adjusted in relation to the vacuum level and equilibrated at the Fermi
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energy. In addition, the electronic transition associated with each component's
estimated band gap is clearly shown. Although the schematic represents a series of
planar junctions, the reality in a nanomaterial-polymer composite is actually a
complex three-dimensional network of junctions. The photo-induced excitons in the
polymer are expected to be dissociated by the nearest high electron affinity material,
either the QD or SWNT. Ultimately, the holes are transported by the polymer to the
positive electrode and the dominant electron path is through the percolating SWNTs
to the negative electrode. Additionally, the QDs can produce excitons upon optical
absorption [25] and be dissociated by neighboring or chemically bonded SWNTs
[26]. In addition to the absorption by the polymer and QDs, it has been shown that
semiconducting SWNTs can also absorb light and create bound electron hole pairs
which could contribute to the photoconductivity in these types of devices [27,28].
It is important to recognize that the relationship for the Voc in a
nanomaterial-
polymer composite device is proposed to derive from the energetic difference in the
HOMO level of the polymer and the conduction band of the nanomaterial additive
[21]. Therefore, control over the nanomaterial's electron affinity during synthesis
lends itself as an important parameter that can significantly impact the device
performance. The electron affinity of the QDs can be tailored based upon the
selection of semiconductor material used [29]. Further control of the energy bandgap
for the QDs and SWNTs can be achieved by tuning the diameter distribution during
synthesis [30,31]. For example, CdSe QDs have a range of electron affinities reported
from 3.5 4.5 eV and diameters from 1 9nm [32 34]. Due to the fact that the
polymer, QDs, and SWNTs may each absorb in a different spectral region, the
possibility exists that these nanomaterials could be combined in such a way as to
produce a series of junctions in a polymeric solar cell which would be analogous to a
conventional triple-junction solar cell [35]. Although a mixture ofQDs and SWNTs
in a polymer may prove worthwhile, coupling of the QDs to SWNTs [36 39] would
presumably provide the most efficient combination of exciton dissociation and
carrier transport.
In the present work, investigation of an optimal energy cascade for
QD-SWNT-
polymer solar cells has been initiated. The covalent attachment of CdSe QDs to
SWNTs through an organic coupling reaction has been confirmed by FT-IR
spectroscopy, atomic force microscopy (AFM), and transmission electron micro
scopy (TEM). The ability to capture a larger energy range of the AMO solar
spectrum through incorporation of nanomaterials in P30T was also examined.
Incorporation of the prepared CdSe-SWNT complexes into P30T has been used to
construct and test a novel polymeric solar cell.
2. Experimental
Synthesis of the single wall carbon nanotubes (SWNTs) was performed using an
Alexandrite laser vaporization process, previously described in detail [22]. The raw
soot was purified using conventional nitric acid and thermal oxidation steps, to
achieve SWNT mass fractions of >95% w/w in the overall sample [22]. The
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necessary preparation of carboxylic acid-functionalized SWNTs prior to covalent
attachment with the semiconductor quantum dots was done by ultrasonication in a
4:1 mixture of concentrated H2S04:H202 for 2.5 h [40]. Filtration followed using a
0.2 urn PTFE membrane filter and the sample was rinsed with copious amounts of
de-ionized water.
CdSe quantum dots were synthesized from CdO as the precursor, following the
established protocol [41]. In short, CdO, stearic acid, and 1-octadecene were heated
to 200 C under Ar(g) and then cooled to room temperature. Following the addition
of trioctylphosphine oxide (TOPO) and octadecylamine (ODA), the reaction mixture
was brought to 280 C and a 1 M selenium-trioctylphosphine solution was injected.
The reaction was held at 250C for 30min and then cooled to room temperature.
Extraction of the CdSe-TOPO quantum dots occurred with sequential washes using
a separatory funnel with a 10:1 mixture by volume of methanokhexanes until a
distinct interfacial separation was observed. The CdSe-TOPO quantum dots were
subsequently precipitated with acetone and re-suspended in chloroform for
characterization [34].
The formation of CdSe-SWNT complexes occurred through covalent attachment
of carboxylic acid-functionalized SWNTs with CdSe-aminoethanethiol (AET)
quantum dots. Ligand exchange of the TOPO with AET proceeded by stirring the
CdSe-TOPO quantum dots in neat AET at 100 C for 24 h [38]. The product was
rinsed with 0.5M NaOH and resuspended in N,N-dimethylformamide (DMF).
Activation of the carboxylic acid-functionalized SWNTs was performed using a ten
fold excess of l-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)
and sulfo-N-hydroxysuccinimide (sNHS) for 30min prior to couplingwith the CdSe-
AET quantum dots in a DMF solution which stirred for 2h and was quenched with
ethanolamine [37]. The reaction mixture was centrifuged and the precipitate rinsed
with DMF. The final product was dried at 70C in vacuo for one hour.
Characterization of the SWNTs, CdSe quantum dots, and CdSe-AET-SWNT
complexes during synthesis and chemical modification was performed by both
conventional spectroscopy and microscopy. Optical absorption measurements were
made with a Perkin Elmer Lambda 900 spectrophotometer, and Fourier transform
infrared (FT-IR) spectroscopy was conducted with a BioRad FTS 3000, using an
attenuated total reflectance (ATR) anvil press. Scanning electron microscopy (SEM)
of the SWNTs was done using a Hitachi S-900 field emission SEM at an operating
voltage of 2 kV. Transmission electron microscopy (TEM) on the CdSe quantum
dots and CdSe-AET-SWNT complexes was done with a Phillips CM200 at an
operating voltage of 200 kV using lacey carbon grids. The atomic force microscopy
(AFM) data was acquired with a Veeco Dimension 3100 scanning probe microscope
in the tapping-mode.
Polymer composite solutions of SWNTs, CdSe quantum dots, and CdSe-AET-
SWNTs in poly(3-octylthiophene) were prepared according to the previous report
[22]. In summary, the necessary amount of regioregular P30T, supplied by Aldrich,
was dissolved in chloroform using ultrasonication to achieve the pristine 1 5mg/mL
solution. Composite dispersion was performed by combining the appropriate mass
of additive to the pristine solution at desired doping levels. The composite solution
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was then ultrasonicated for 5min prior to high speed stirring at room temperature
for 72 h. Photovoltaic devices of the nanomaterial-P30T composites were spray
deposited onto <10fi/sq. indium tin oxide (ITO)-coated polyethylene terephthalate
(PET) substrates, thermally evaporated aluminum grid contacts were applied, and
IV characterization performed under simulated AMO illumination at 20 C [22].
3. Results and discussion
The ability to systematically control synthesis conditions can enable the proper
tuning of nanomaterial properties. The laser vaporization process employed in this
study has the advantage of modifying SWNT properties such as diameter by
variation in parameters like temperature or laser pulse power of the reactor [31]. The
ability to shift the absorption energy of the SWNTs based on diameter lends itself as
a viable method for capturing a significant portion of theNIR and visible regions in
the AMO spectrum. For the standard synthesis conditions outlined previously, the
raw soot consisted of both semiconducting and metallic SWNTs, each type
exhibiting a diameter distribution range of 1.2 1.4nm, based on Raman spectro
scopy [22]. Upon purification, the SWNTs bundle due to Van derWaals interactions
and the resulting material appears as a tangled mat. These effects are observed in
the SEM analysis shown in Fig. 2a, where purified SWNT bundle lengths have
been qualitatively estimated to be ~1 10 urn. Such dimensions give rise to tremen
dous aspect ratios (length/diameter = 1000 10,000), which can significantly reduce
the percolation threshold in a polymer composite and enhance the electrical conduc
tivity [42].
Similar processing control is available for colloidal synthesis of quantum dots,
specifically with CdSe nanocrystals where nearly monodisperse samples have been
Fig. 2. (a) Scanning electron micrograph of purified (> 95% w/w) SWNTs and (b) transmission electron
micrograph of CdSe quantum dots.
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produced [41]. Based on the reaction time and temperature, the size of the
nanocrystal can be easily modified, thereby altering the optical absorption properties
associated with the excitonic transitions. Following the literature protocol,
CdSe-
TOPO QDs were synthesized and TEM analysis of the resulting sample is shown in
Fig. 2b. Optical absorption analysis showed the first excitonic transition to occur at
2.16 eV, corresponding to a nanocrystal diameter distribution centered at 3.7nm
[34]. Based on reported electrochemical measurements, QDs of this diameter would
have an electron affinity equal to 3.5 eV and an ionization potential of 5.5 eV [32].
Synthesis of a QD-SWNT complex as depicted in Fig. 3a, was performed using
covalent bonding strategies as previously described [37]. Attachment of the CdSe
QDs to the SWNTs required ligand exchange of the TOPO for AET, acid
functionalization of the SWNTs, and activation-coupling reactions to form the
amide linkage. Verification of the CdSe-AET-SWNT complex synthesiswasmade by
FT-IR spectroscopy, AFM, and TEM analysis. Table 1 lists the band assignments
for the FT-IR spectra shown in Fig. 3b. The presence of a hydroxyl stretch (peak a)
and carbonyl stretch (peak d) was observed for the acid-functionalized SWNTs.
Origination of an amide stretch (peak b) and bend (peak e) after reaction of the
CdSe-AET QDs with the acid-functionalized SWNTs suggests the formation of a


















4000 3500 3000 2500 2000 1500
(b) Wavenumber (cm1)
Fig. 3. (a) Schematic representation of a QD-SWNT complex, and (b) FT-IR spectral overlay for acid-
functionalized SWNTs and CdSe-AET-SWNT complexes. Assignments of the labeled peaks are described
in Table 1.
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Table 1
FT-IR band assignments for labeled peaks in Fig. 3b for the acid-functionalized SWNTs and CdSe-AET-
SWNT complexes






-OH stretch for carboxylic acid
-CONHR stretch in amide
-CH stretch
-C
=0 stretch for carboxylic acid




Fig. 4. Microscopy of CdSe-AET-SWNT complexes analyzed by (a) AFM and (b) TEM.
complexes derives from the microscopic data shown in Fig. 4. The tapping-mode
AFM image (Fig. 4a) shows the presence of spherical structures (CdSe-AET QDs)
and thin rods (SWNTs) intimately connected. The corresponding TEM image (Fig.
4b) for this sample displays the attachment of semiconductor nanocrystals (based on
the observed crystal order) to a SWNT bundle. The existence of amorphous carbon
coatings is also observed in the sample, which is presumably a by-product of the
SWNT functionalization step. Attempts to minimize the coatings from covalent
bonding schemes or potentially eliminate the acid-functionalization step entirely
through noncovalent bonding methods may be warranted in the future.
In an attempt to mimic the energy level analysis presented in Fig. 1, a series of
additives including CdSe QDs, SWNTs, and CdSe-AET-SWNT complexes were
dispersed in the p-type polymer P30T. Evaluation of the nanomaterial-P30T
composites'
optical absorption spectra was initiated for comparison to the AMO
spectrum. The results displayed in Fig. 5 indicate an enhancement in the optical
absorption over the range of the AMO spectrum for SWNT-P30T and CdSe-AET-
SWNT-P30T composites compared to the pure P30T polymer. There was an
observed red-shift (~25meV) in the band-edge energy for the P30T in these
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Fig. 5. Optical absorption overlay for nanomaterial-P30T composites compared to the irradiance of the
air mass zero (AMO) spectrum. Enhancement in the absorption for the SWNT-P30T and CdSe-AET-
SWNT-P30T composites over the AMO energy range is clearly observed.
composites. Although the effects are minimal, they suggest an increase in the
conjugation lengths of the polymer chains or changes in the interchain interactions
from SWNT incorporation [10,43]. The characteristic electronic transitions
associated with the SWNT Van Hove singularities of the semiconducting types
(0.7 and 1.25 eV) are present for the 1% w/w composite, but significantly reduced in
the 5% CdSe-AET-SWNT composite [22]. This result could be attributed to electron
transfer between the SWNTs and CdSe QDs [37]. However, this may also be a
manifestation of other effects resulting from the chemical functionalization of the
SWNTs and the subsequent covalent attachment of the QDs [38].
The optical absorption data also indicates that the CdSe-P30T composite solution
is lacking the first excitonic peak of the CdSe quantum dots [25] and a band-edge
shift to higher energy is observed as compared to the pure P30T polymer. Although
a blue-shift would support a decrease in polymer conjugation length, this resultmay
also suggest electron transfer from the HOMO level of the P30T to available energy
states in the CdSe QDs. This transfer would quench the electronic transitions in the
quantum dots and also increase the transition energy in the P30T. However, the
optical absorption energy ofQDs can be tailored based on nanocrystal diameter [30]
and the appropriate combination of QD and SWNT components should allow for
significant absorption over a large portion of the AMO spectrum.
Incorporation ofCdSe-AET-SWNT complexes into P30T enabled the fabrication
of a polymeric solar cell by spray deposition on ITO-coated PET and thermal
evaporation of aluminum contacts. The current density vs. voltage {J V)
photoresponse of the device was measured under 1 Sun AMO illumination and the
results are shown in Fig. 6a. The characteristic photoresponse for nanomaterial-
P30T polymeric solar cells was observed with a Voc 0.75 V and short-circuit
current density J^ = 0.16 uA/cm2. However, the efficiency is much lower than other
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Fig. 6. (a) The J-Kphotoresponse of a CdSe-AET-SWNT-P30T composite solar cell under 1 Sun AMO
illumination and (b) semilogarithmic/-Fplot of the data from (a).
reported nanomaterial-polymeric solar cells [7], The Voc for the CdSe-AET-SWNT-
P30T device is consistent with the initial work on SWNT-P30T solar cells [21],
although recent results have shown a Voc around 1.0 V [22].
The log scale J V plot shown in Fig. 6b highlights several interesting features
pertaining to the current-limiting effects on the device performance. In the reverse
bias direction for both dark and illuminated curves, there is an apparent leakage
current since the data deviates from a constant dark current value as the negative
bias is increased. This result suggests interfacial defects at the device junctions [44].
The forward bias region shows the typical drift-current region (<0.6V) and
diffusion-current region (>0.6V) [44]. The ideality factor () was calculated from the
linear portions of this curve to vary from 2.7 at low forward bias to 5.0 (at voltages
>0.6V) [45]. This observation is consistent with recombination from interface states
in conventional p n diodes (where >2), as well as certain metal-semiconductor
junctions [45 47]. In the case of the illuminated curve, there is a nonlinear region
which is reminiscent of the behavior for poorly current-matched multi-junction
crystalline solar cells [48]. These types of results are not entirely unexpected based on
the series of junctions described in Fig. 1 that depict this complex photovoltaic
device structure.
The ability to minimize the number of interfacial defects in the nanomaterial-
polymer solar cells represents an important step towards improving the device
performance. Removal of the carbon coatings present on the CdSe-AET-SWNT
complexes observed by microscopy through thermal or chemical processing should
improve the photocurrent by removing some surface carrier traps. Annealing of the
polymer films, specifically at the polymer-metal electrode interface, is also expected
to enhance the results. In addition, development of novel QD-SWNT complexes
through alternative QDmoieties and attachment strategies may further augment the
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optoelectronic properties such that higher power conversion efficiencies can be
obtained.
4. Conclusions
Evaluation ofQD-SWNT complexes for polymeric solar cells has been performed,
including a proposed device structure with enhanced optical absorption and
improved carrier transport. The synthesis of CdSe-AET-SWNT complexes using
covalent bonding strategies has been supported by FT-IR spectroscopy, AFM, and
TEM analysis. Incorporation of CdSe-AET-SWNT complexes into P30T has been
used to fabricate a nanomaterial-polymeric solar cell with an observed photo
response under 1 Sun AMO illumination. Finally, the ability to tune the optical
absorption properties of the nanomaterial-polymer composite through differing
nanomaterial types and diameters has also been highlighted.
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